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Abstract

There is currently great interest in harnessing sunlight to generate hydrogen from
water. Hydrogen may serve as a future energy carrier that could one day supplant fossil fuels
like gasoline or diesel. One of the major challenges with implementing this concept is that,
present-day photoelectrochemical (PEC) water splitting systems are either inefficient in their
capacity to catalytically split water and/or subject to photocorrosion. The problem typically
lies at the interface at which the water-splitting catalytic reaction occurs. One potential solution
is to develop a thin-film, catalytic, interfacial layer that may lie between the photo-activated
species (e.g. the semiconductor) and the aqueous, liquid phase. Such an interfacial layer could
be designed to catalyse water-splitting at a more accelerated rate than is possible in its absence,
whilst simultaneously suppressing photocorrosion. Ideally, such a thin-film interface would
provide the greatest possible catalytic effect, preferably by synergistic amplification of the
catalysis beyond what may be achieved by the catalyst species themselves.
This work aimed to study and develop thin-film composites, based on well-known
conducting polymer supports, that may serve as such an interfacial layer and that display
synergistically amplified water-splitting catalysis. Despite their potential for facilitating high
activity, thin-film conducting polymer supports have, historically, expedited only relatively
weak performances in, for example, catalytic water oxidation (with current densities in the
µA/cm2 range).
In Chapter 3, the conditions under which a thin-film conducting polymer, poly(3,4ethylenedioxythiophene) (PEDOT), may synergistically amplify water oxidation catalysis
have been investigated. A composite conducting polymer film was developed that, when
overcoated on a bare Pt electrode, synergistically amplified its catalytic performance by an
order of magnitude (into the mA/cm2 range). Pt is the most active, industry-standard catalyst
for water oxidation. When poised at 0.80 V (vs Ag/AgCl) at pH 12, a control, bare Pt electrode
yielded a current density of 0.15 mA/cm2 for catalytic water oxidation. When then overcoated
i

with a composite PEDOT film containing nanoparticulate Ni (‘nano-Ni’) catalyst and reduced
graphene oxide (rGO) conductor in the specific molar ratio of 4.5 (C; PEDOT) : 1 (Ni) : 9.5
(C; other), the electrode generated water oxidation current densities of 1.10-1.15 mA/cm2
under the same conditions (over >50 h of operation; including a photocurrent of 0.55 mA/cm2
under light illumination of 0.25 sun). Control films containing other combinations of the above
components, yielded notably lower currents. The conditions employed were the most
favourable for water oxidation at which the PEDOT did not degrade. EIS and Tafel plot studies
suggested that the above composite contained an optimum ratio of catalyst density to
conductivity and thickness in which the PEDOT electrically connected the largest number of
catalytic sites (thereby maximizing the catalytically active area) by the shortest, least-resistive
pathway for electron conduction (thereby minimizing the Tafel slope). That is, the
amplification appeared to be created by a synergistic matching of the connectivity,
conductivity, and catalytic capacity of the film.
Chapter 4 tested whether this approach could also provide a possible means for more
effectively deploying thin-film conducting polymers in hydrogen reduction catalysis. The
Chapter reports a composite of PEDOT that is notably more catalytically active for hydrogen
generation than the industry-standard benchmark catalyst, Pt, under the same conditions. A
PEDOT thin-film containing nano-Ni and rGO, again, in a very specific molar ratio (namely,
5.6 (C; PEDOT) : 1 (Ni) : 5.2 (C; other)) photocatalytically generated H 2 at 3.6 mA/cm2
(including ca. 0.2 mA/cm2 due to the light illumination) after 3 h at -0.75 V (vs Ag/AgCl) in
0.05 M H2SO4/0.2 M Na2SO4 under 0.25 sun. A control bare Pt electrode produced only 2.2
mA/cm2 under the same conditions. A control nano-Ni/rGO film containing the same
quantities of nano-Ni and rGO but without any PEDOT, yielded 2.1 mA/cm2, indicating that
the PEDOT synergistically amplified the above result by 71%. Other ratios of the above
PEDOT composite produced notably lower activities. Control PEDOT, PEDOT/nano-Ni, and
PEDOT/rGO films were an order of magnitude less catalytically active. Studies showed that
the synergistic amplification also involved the PEDOT electrically connecting the largest
number of active sites by the shortest, most efficient pathways for charge transport, which, in
ii

this case, involved hole (h+) transport. These results confirmed the proposition that thin-film
conducting polymers involving very specific, optimum ratios of catalyst density to thickness
may synergistically amplify catalysis.
In Chapter 5, the developed approach was tested with a different conducting polymer,
namely polypyrrole (PPy). Composite PPy films incorporating nano-Ni and rGO, on FTO
glass and Pt-coated FTO glass were studied as photoelectrocatalysts of both the oxygen
evolution reaction (OER) in alkaline media (0.2 M Na2SO4 with pH 12 at 0.8 V vs Ag/AgCl)
and the hydrogen evolution reaction (HER) in acidic media (mixture of 0.05 H2SO4 and 0.2 M
Na2SO4 at - 0.75 V vs Ag/AgCl). Thin films containing PPy: nano-Ni : rGO in a molar ratio of
1.0 (N; PPy) : 1.49 (Ni) : 7.07 (C; others) proved to be extremely OER active, generating
current densities of 0.97-1.0 mA/cm2 (including a photocurrent of 0.48 mA/cm2 under constant
light illumination of 0.25 sun), while films containing PPy: nano-Ni: rGO in a molar ratio of
1.00 (N; PPy): 1.95 (Ni): 8.63 (C; others) were highly HER active, generating current densities
(2.38-2.60) mA/cm2 including (200-400 µA/cm2 from light illumination). For both OER and
HER optimized films, GC studies confirmed that O2 gas was generated in the OER system and
H2 gas was generated in the HER system. While the PPy-based thin-films were not as
catalytically active as the earlier-examined PEDOT films, they, nevertheless, demonstrated
that the principles of synergistic amplification developed in Chapters 3 and 4 were general and
could be applied to other conducting polymers.
In Chapter 6, PEDOT thin films containing other catalysts (namely nanoparticulate
Co3O4 (‘nano-Co3O4’)) and conductors (namely carbon nanotubes (CNTs)) were studied.
PEDOT/nano-Co3O4/CNT films, prepared via vapour phase polymerisation onto a Pt
electrode, proved to be the best water oxidation catalysts discovered in the course of this thesis.
The films were studied as photoelectrocatalysts of water oxidation in 0.2 M Na2SO4, adjusted
to pH 12, as an electrolyte. Films containing PEDOT : nano-Co3O4 : CNT in the specific molar
ratio of 6.92 (C; PEDOT) : 1 (Co) : 5.13 (C; other) exhibited high performance activity,
realising current densities of 2.34-2.46 mA/cm2 at 0.80 V (vs Ag/AgCl) of (including a
photocurrent of 0.51-0.53 mA/cm2) after > 35 h of operation under light illumination of 0.25
iii

sun. This contrasted sharply with the control bare Pt electrode that yielded only 0.15 mA/cm2.
An equivalent PEDOT control film yielded a negligible current. GC analysis demonstrated
that oxygen (O2) was the gas generated by the PEDOT/nano-Co3O4/CNT with and without
light illumination. To the best of our knowledge, the PEDOT/nano-Co3O4/CNT film is the
most active water oxidation catalyst ever reported, as a proportion of the activity of bare Pt.
Finally, Chapter 7 examined the use of a chemical (i.e. a concentration) bias as a
means of driving spontaneous water-splitting, without need for an applied voltage bias. Such
a chemical bias was created by using two separate electrolytes with different pHs in
two half cells. An electrolyte with high pH was used in the anode half-cell with a low
pH electrolyte in the cathode half-cell. A novel, mechanically durable, highly ionconductive and flexible polyacrylamide CsCl hydrogel was developed to connect the
two half-cells. The hydrogel was fixed in a U-tube and applied as a separator for the
two water splitting half cells (cathode and anode). The cells spontaneously split water,
without need for an applied voltage bias, upon being connected with the hydrogel, for
up to 14 h of continuous testing. The feasibility of (and properties of) a chemical rather
than an electrical potential to drive water splitting was thereby demonstrated, at least
for a period of 14 h.

iv

Acknowledgements

To my parents, for their unlimited support. Thank you for all that you have done
with me. I will never forget your efforts throughout all my school and university days. I
will tell my children, when they grow up, how you were great with me and with my oth er
brothers and sisters.
To my wife Nadia, your love, support and patience with me and my horrible
science talks at home, which made the last years fly by. Thank you, Nadia, for taking care
of our three children that made our life so beautiful.
I would like gratefully thank my supervisors, Prof Gerhard Swiegers and Dr
Pawel Wagner, for their fantastic help, great guidance in the lab, and for scientifically
discussing the results, as well as proofreading and valuable feedback for both thesis and
research papers. Nothing would have been done without their encouragement throughout
my research time. I also thank them for their understanding of my difficult circumstances
between 2014 and 2017, when radical Islamic military groups invaded my home city of
Mosul, Iraq, and I lost contact with my big family for more than three years. I was so
worried about them, as well as my city and its people at same time.
I would like to thank all of the staff and students at IPRI for their support
especially Dr Ali Jalili, Prof. Attila Mozer, Prof. Marc in het Panhuis, Dr Klaudia Wagner,
Dr Danijel Boskovic, Dr Prerna Tiwari, Dr Holly Warren, Jaecheol Choi, Khalid W.
Zainulabdeen and Amar Al-Kaisy for their help in my first practical experiments.
Finally, I would like to thank the Ministry of Higher Education and Scientific
Research in Iraq for their education program providing funding and support to send
students like myself overseas.

v

Certification

I, Mohammed Fathi Khaleel Alsultan, declare that this thesis submitted in fulfilment of the
requirements for the conferral of the degree Doctor of Philosophy in Science, from the
University of Wollongong, is wholly my own work unless otherwise referenced or
acknowledged. This document has not been submitted for qualifications at any other academic
institution.

Mohammed Fathi Khaleel Alsultan
10 December 2018

vi

Publications

Book Chapters:
Mohammed Alsultan, Abbas Ranjbar, Gerhard F. Swiegers, Gordon G. Wallace, Sivakumar
Balakrishnan, and Junhua Huang. Chapter 11. Application of Conducting Polymers in Solar
Water-Splitting Catalysis, in Industrial Applications for Intelligent Polymers and Coatings
(M. Hosseini, A.S.H. Makhlouf (eds.)), Springer International Publishing, Switzerland, 2016
(DOI: 10.1007/978-3-319-26893-4_11)
Peer-Reviewed Journal Papers:
Mohammed Alsultan, Sivakumar Balakrishnan, Jaechol Choi, Rouhollah Jalili, Prerna Tiwari,
Pawel Wagner, Gerhard F. Swiegers. Synergistic Amplification of Water Oxidation Catalysis
on Pt by a Thin-Film Conducting Polymer Composite.
ACS Applied Energy Materials, 2018, 1, 4235-4246 (DOI: 10.1021/acsaem.8b00728)
Mohammed Alsultan, Jaechol Choi, Rouhollah Jalili, Pawel Wagner, Gerhard F. Swiegers.
Synergistic Amplification of Catalytic Hydrogen Generation by a Thin-Film Conducting
Polymer Composite.
Catalysis Science and Technology, 2018, 8, 4169-4179 (DOI: 10.1039/c8cy00780b).
Mohammed Alsultan, Pawel Wagner, Gerhard F. Swiegers. Synergistic Amplification of
Catalytic Oxygen and Hydrogen Generation from Water by Thin-Film Polypyrrole
Composites. In Preparation
Mohammed Alsultan, Pawel Wagner, Gerhard F. Swiegers. Synergistic Amplification of
Catalytic Oxygen Generation by a PEDOT/Nano-Co3O4/CNT Thin-Film Composite. In
Preparation
Mohammed Alsultan, Pawel Wagner, Gerhard F. Swiegers. Novel Hydrogel Separator for
Bifunctional Oxygen and Hydrogen Evolution Reactions by Composite PEDOT/nano-Ni/rGO
Films. In Preparation
Peer-Reviewed Conference Papers:
Photocatalytic, Oxygen-Generating PEDOT/Nano-Ni Composite film with Sustained High
Activity. Published in: Proceedings of the First MoHESR and HCED Iraqi Scholars
Conference in Australasia, 5-6 December 2017.
Posters:
A Composite PEDOT/Nano-Ni/rGO Photocatalyst that is more Active than Pt for Hydrogen
Generation. Poster presented at the International Conference on Nanoscience and
Nanotechnology 29 Jan - 2 Feb 2018 (ICCON 2018).
Photocatalytic Water Oxidation by Composites of Ni Nanoparticles, reduced Graphene Oxide
(rGO) and Poly (3,4-ethylenedioxythiophene) (PEDOT). Poster presented at the International
Electromaterials Science Symposium, 8-10 February 2017.

vii

List of Names or Abbreviations
AEL

anion-exchange layer

APS

3-(aminopropyl) triethoxysilane

BHJ

bulk heterojunction

BPMs

bipolar passive membrane

CB

conduction band

Cct

double layer capacitance

CNT

carbon nanotube

Co-MOF

cobalt-based metal-organic framework

CP

conducting polymer

CPE

constant phase element

CV

cyclic voltammetry

CVD

chemical vapour deposition

DLH

double-layer hydroxide

dpbyl

[(2,2'-bipyridine)(4,4'-diphosphonate-2,2'-bipyridine)-(CO)2]2+

DSC

dye sensitized solar cell

ErGO

electrochemically reduced graphene oxide

EEC

equivalent electric circuit

EIS

electrochemical Impedance Spectroscopy

EtOH / Eth.

Ethanol

Fe(III)-PTS

iron(III) p-toluenesulfonate hexahydrate

FP

fluorine and phosphorous process

FTIR

Fourier transform infrared spectroscopy

FTO

fluorine-doped tin oxide

GC

gas chromatography

GC

glassy carbon

GCE

glassy carbon electrode

GIO

graphene inverse opal

GNS

graphene nano sheet

GO

graphene oxide

GQDs

graphene quantum dots

GR

graphene

h

hour

h+

hole (in the valence band)

HER

hydrogen evolution reaction
viii

HOMO

highest occupied molecular orbital

ITO

indium tin oxide

IPCE

incident photon to current conversion efficiency

LCD

liquid crystal display

LDH

layered double hydroxides

LSV

linear sweep voltammogram

LUMO

lowest unoccupied molecular orbital

min

minute

MeOH / Meth.

Methanol

MMA

Mini-Materials Analyzer

MnTPPS

5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinatomanganese
(III) chloride

MOF

metal–organic framework

MPSA

self-assembled melamine,phytic acid

NAs

nanowire arrays

NCS

nanocrystals

NHE

normal hydrogen electrode

NOSC

N-, O-, and S-tridoped carbon-encapsulated Co9S8 nanomaterials

NP

nanoparticles

NPC

N, P-codoped carbon shells

NPG

nanoporous gold

NPRGO

N, P-codoped rGO

NW

nanowire

OEC

oxygen-evolution catalyst

OER

oxygen evolution reaction

ORR

oxygen reduction reaction

OSC

organic thin-film solar cells

RΩ

Ohmic resistance

Rct

charge transfer resistance

RDE

ring-disk electrode

rGO

reduced graphene oxide

RHE

reversible hydrogen electrode

RuP

tris(bipyridine)(2,2' –(bipyridine-4,4'-di(methylphosphonic acid)
ruthenium (II) hexaflorophosphonium

rpm

revolutions per minute

SEM

scanning electron microscopy

SG

sulfonated graphene
ix

SOM

soft-oxometalate

TCPP

tetrakis(4-carboxyphenyl)porphyrin

TEM

transmission electron microscopy

TEOA

triethanolamine

TLC

Thin Layer Chromatography

TLCC

Thin Layer Chromatography Chamber

TOF

turnover frequency

TON

turnover numbers

TNTs

TiO2 nanotube arrays hybrids

TNT

titanate nanotube

PANI

polyaniline

PBTH

poly(2,2 '-bithiophene)

PEC

photoelectrochemical cell

PEDOT

poly (3,4-ethylenedioxythiophene)

PEDOT-PEG

poly (3,4-ethylenedioxythiophene)-poly(ethylene glycol)

PEDOT:PSS

poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate

PEM

proton exchange membrane

PEG

poly(ethylene glycol)

PDTT

poly[dithieno(3,2-b:2',3'-d)]thiophene.

PI-b-PAA

amphiphilic block copolymer poly(isoprene-b-acrylic acid)

PPD

p-phenylenediamine

PSC

polymer solar cell

PSGM

poly-(styrene/glycidylmethacrylate)

PSS

polystyrene sulfonate

PTh

polythiophene

PTT

poly[dithieno(3,2-b)]thiophene]

p-TS

p-toluene sulfonate

QE

quantum efficiency

TCO

transparent conductive oxide

VB

valence band

VPP

vapour phase polymerization

XRD

X-ray powder diffraction (XRD)

WOR

water oxidation reaction

x

List of Contents

Introduction .......................................................................................................................... 1
1.1

Background: Demand for Renewable Energy........................................................ 1

1. 2 Water Electrolysis and Photochemical Cell Water Splitting: A Brief Description 2
1.3

Applications of Conducting Polymers in PEC Water-Splitting ............................ 6

1.3.1

PEC Water-Splitting Utilizing Polypyrrole (PPy) ....................................... 9

1.3.2 PEC Water-Splitting Utilizing Poly(3,4-ethylenedioxythiophene) (PEDOT) 13
1.3.3 Other examples of PEC Water-Splitting Utilizing Conducting Polymers ...... 20
1.4

Applications of Carbon Materials in PEC-Based Water- Splitting ...................... 21

1.4.1 Applications of Graphene /Oxide in PEC Water-Splitting ............................ 21
1. 4. 2 Carbon Nanotube-Based Water Splitting ..................................................... 22
1.5

Transition Metal-based Catalyst for Water-Splitting ...................................... 23

1.5.1 Solar and Non-Solar Water-Splitting with Co3O4 and Nickel Catalysts ......... 24
1.6

Conclusion: Literature Review ....................................................................... 27

xi

1. 7

The Aims of this Thesis: Studies of Thin-Layer Conducting Polymer Composites

as (Photo) Catalytic Interfacial Materials ...................................................................... 28
1.8

Scope of the Thesis: Conducting Polymer Organic-Inorganic Composites as Thin

Film Layers that Synergistically Amplify Catalysis ...................................................... 30
1.9

References .......................................................................................................... 33

Experimental ...................................................................................................................... 46
2.1

Materials ............................................................................................................ 46

2.2

Characterization Techniques and Materials ....................................................... 47

2.2.1 Characterization Techniques .......................................................................... 47
2.2.1.1

Thickness and Conductivity of Films ................................................. 47

2.2.1.2

UV-Visible Spectroscopy................................................................... 49

2.2.1.3 X-ray Powder Diffraction (XRD) ........................................................... 50
2.2.1.4 X-Ray Photoelectron Spectroscopy (XPS) ............................................. 51
2.2.1.5

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray

Spectroscopy (EDX). ............................................................................................. 51
2.2.1.6 Transmission Electron Microscopy (TEM) ............................................ 52
2.2.1.7

Sputter-Coating ...................................................................................... 53

2.2.1. 8

UV Ozone and Plasma Cleaners ........................................................... 54

2.2.1.9

Sonication............................................................................................. 54

2.2.1.10

Centrifugation ...................................................................................... 55

2.2.1.11

pH Measurements ............................................................................... 55

2.2.1.12

Photoelectrochemical Cell and Light Source ...................................... 56

2.2.1.13

Gas Chromatography ........................................................................... 57

2.2.1.14

Elemental Analysis .............................................................................. 58

2.2.2

Electrochemical Analysis Techniques .......................................................... 60

2.2.2.1 Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) ........... 60
2.2.2.2

Chronoamperometric Studies ............................................................... 61

xii

2.2.2.3 Electrochemical Impedance Spectroscopy (EIS) .................................... 63
2.2.2.4 Tafel Plots and Exchange Current Density ............................................. 68
2.3 Preparation Methods ............................................................................................. 71
2.3.1 GO Synthesis ................................................................................................. 71
2.3.2 Preparation of Electrodes ............................................................................... 72
2.3.2.1

Preparation of PEDOT, PEDOT/nano-Ni, PEDOT/nano-Ni/rGO on FTO-

coated glass slides (Chapter 3, Chapter 4) ............................................................. 72
2.3.2.2

Preparation of PPy, PPy/nano-Ni, PPy/rGO PPy/nano-Ni/rGO, Ni/rGO,

PEDOT/nano-Co3O4, PEDOT/nano-Co3O4 / rGO, Co3O4/rGO, PEDOT/ CNT,
Co3O4 /CNT, PEDOT/nano-Co3O4/CNT, FTO-coated and microscopic glass slides
(Chapter 5, Chapter 6)............................................................................................ 73
2.3.3 Synthesis of Poly(acrylamide) Hydrogel (Chapter 7) .................................... 74
2.4

Poly(acrylamide) Hydrogel Characterizations ................................................... 74

2.5 Experimental Work Protocol ................................................................................ 75
2.6 References .............................................................................................................. 77

Synergistic Amplification of Water Oxidation Catalysis on Pt by a Thin-Film Conducting
Polymer Composite............................................................................................................ 79
3.1 Introduction ........................................................................................................... 79
3.2

Results and Discussion...................................................................................... 82

3.2.1 Studies of PEDOT/nano-Ni on FTO .............................................................. 82
3.2.2 Studies of PEDOT/nano-Ni/rGO on FTO ....................................................... 83
3.2.3 Studies of Control Films on FTO; Catalytic Amplification due to the PEDOT
................................................................................................................................... 85
3.2.4 Comparative Studies with Pt .......................................................................... 86
3.2.5 Studies of the Gas Bubbles Produced by the PEDOT/nano-Ni/rGO on Pt/FTO
................................................................................................................................... 88
3.2.6 Changes in the Electrolyte ............................................................................. 90
3.2.7

Other Possible Oxidation Processes: the Faradaic Efficiency ................... 91
xiii

3.2.8 Characterisation of the PEDOT/Nano-Ni/rGO Electrode .............................. 93
3.2.9 EIS and Tafel Plot Studies ............................................................................. 98
3.2.10 The Origin of the Catalytic Amplification ................................................. 102
3.4

Conclusions ...................................................................................................... 103

3.5

References ........................................................................................................ 105

Synergistic Amplification of Catalytic Hydrogen Generation by a Thin-Film Conducting
Polymer Composite.......................................................................................................... 111
4.1 Introduction ......................................................................................................... 111
4.2

Results and Discussion..................................................................................... 114

4.2.1 CV studies of control films of nano-Ni/rGO on FTO glass ......................... 114
4.2.2

Chronoamperometric Studies of Films of Nano-Ni, rGO, PEDOT,

PEDOT/Nano-Ni, PEDOT/rGO, and PEDOT/Nano-Ni/rGO on FTO .................... 116
4.2.3 Gas Collection Studies of PEDOT/Nano-Ni/rGO on FTO .......................... 120
4.2.4 Characterisation of the PEDOT/Nano-Ni/rGO Electrode ............................ 121
4.3.5

Electrochemical Impedance Spectroscopy (EIS) and Tafel Plot Studies

of the PEDOT/Nano-Ni/rGO................................................................................ 126
4.3.6

The Mechanism and Origin of the Catalytic Amplification ................ 130

4. 3 Conclusions .......................................................................................................... 133
4. 4

References ........................................................................................................ 134

Synergistic Amplification of Catalytic Oxygen and Hydrogen Generation from Water by
Thin-Film Polypyrrole Composites ................................................................................. 141
5.1 Introduction ......................................................................................................... 141
5.2 Results and Discussion........................................................................................ 143
5.2.1

Studies of PPy/nano-Ni/rGO on FTO and Pt as Water Oxidation (Photo)

Catalysts .................................................................................................................. 143

xiv

5.2.1.1

Preparation and Optimization of the PPy/nano-Ni/rGO thin film for

Catalytic Oxygen Generation ........................................................................... 143
5.2.1.2

Performance of Control Thin Films ..................................................... 146

5.2.1.3

Performance of the Most Active PPy/nano-Ni/rGO thin film on Pt .... 146

5.2.1.4

Studies on the Gas Produced; the Faradaic Efficiency.................. 150

5.2.1.5 Characterisation of the Most Active PPy/Nano-Ni/rGO Thin Film ....... 151
5.2.1.6 EIS and Tafel Plot Studies .................................................................... 155
5.2.1.7

Summary: Water Oxidation by the Most Active PPy/nano-Ni/rGO

Thin Film ............................................................................................................ 159
5.2.2

Studies of PPy/nano-Ni/rGO as Hydrogen Reduction (Photo) Catalysts 160

5.2.2.1

Studies of the PPy/Nano-Ni/rGO thin films in Catalytic Hydrogen

Generation .......................................................................................................... 160
5.2.2.2 Gas Collection Studies of PEDOT/Nano-Ni/rGO on FTO ................... 164
5.2.2.3 Characterization of the Most Active PPy/Nano-Ni/rGO Electrode 165
5.2.2.4

Electrochemical Impedance Spectroscopy (EIS) and Tafel Plot Studies

of the PEDOT/Nano-Ni/rGO ............................................................................... 170
5.2.2.5

Summary: Hydrogen Generation Catalysis by the ............................... 175

Most Active PPy/Nano-Ni/rGO Thin Film .......................................................... 175
5.3

Conclusions .................................................................................................... 175

5.4

References .......................................................................................................... 177

PEDOT/Nano-Co3O4/CNT Composite for Oxygen Generation in Photo-Catalytic Water
Splitting ............................................................................................................................ 181
6.1 Introduction ........................................................................................................ 181
6.2

Results and Discussion ............................................................................... 183

6.2.1 Studies of PEDOT/nano-Co3O4 on FTO .................................................... 183
6.2.2 Studies of PEDOT/nano-Co3O4/CNT on FTO .............................................. 185
6.2.3

Studies of Control Films on FTO; Catalytic Amplification due to the PEDOT

................................................................................................................................. 186
xv

6.2.4

Performance of the most active PEDOT/ nano-Co3O4/CNT thin film on

Pt .............................................................................................................................. 188
6.2.5

Studies on the gas produced by the PEDOT/ Nano-Co3O4/CNT on Pt/FTO;

the Faradaic Efficiency ............................................................................................ 191
6.2.6

Characterization of the PEDOT/ Nano-Co3O4/CNT electrode ................... 192

6.2.7 EIS and Tafel plot studies of the mechanism of the catalysis ...................... 196
6.3 Conclusions .......................................................................................................... 199
6.4 References ............................................................................................................ 201

Novel Hydrogel Separator for Spontaneous Bifunctional Oxygen and Hydrogen Evolution
by Composite PEDOT/nano-Ni/rGO Films ..................................................................... 207
7.1 Introduction ......................................................................................................... 207
7.2

Results and Discussion..................................................................................... 210

7.2.1

Electrocatalytic and Photoelectrocatalytic Measurements .......................... 210

7.2.3

Electrical and Mechanical Properties of Conductive Polyacrylamide

Hydrogel- Cs-Cl ..................................................................................................... 213
7.3

Conclusions ...................................................................................................... 218

7.4 References ............................................................................................................. 219

Conclusions and Perspectives .......................................................................................... 221
8.1

General Conclusion .......................................................................................... 221

8. 2

Conductive Polymers ....................................................................................... 221

8.3

Carbon Based Materials (Modified Graphene Oxide and Carbon Nanotubes) 222

8. 4

Earth-Abundant Transition Metal Catalysts for Water Splitting ..................... 222

8. 5

Future Work: A Route to a New Class of Water-Splitting Semiconductors .... 223

8.6

References .......................................................................................................... 224

Appendices....................................................................................................................... 225
xvi

References of Appendices ........................................................................................ 253

xvii

List of Figures
Note: The term “license no.” in the Figure captions below refers to the relevant identification
number of the license provided by the Copyright Clearance Centre (copyright.com) for
reproduction of the material referred to.
Figure 1.1: Comparison of the potentials (V) and electrical currents (j) involved in the HER and OER.
The values ηa and ηc refer to the potential of OER and HER respectively. Reproduced with
permission from ref. 21 (license no. 4466800227002). ........................................................... 5
Figure 1.2: Common conducting polymers............................................................................................. 7
Figure 1.3: The mechanism of electron transfer to the CB of TiO2, which assisted H2 and O2 evolution
in PPy/TiO2 nanoparticles. It should be noted that the CB in the PPy component is actually an
excited electronic state (LUMO). Reproduced with permission from ref. 43 (written
agreement). ............................................................................................................................ 10
Figure 1.4: Hydrogen evolution rates of: (a) CdS and PPy/CdS with different dopants; DBNa, TSNa
and CTAB, and (b) PPy/CdS doped by TSNa having different levels of PPy. Reproduced with
permission from ref. 51 (license no. 4466750304402). ......................................................... 12
Figure 1.5: a) Schematic of the structure of PPy/ZnO on the surface of ZnO nanorods (NRs). b)
Illustration of PPy/ZnO NPs mechanism as PEC catalyst for water splitting under visible light.
Reproduced with permission from ref. 53 (license no. 4466740456316). ............................. 12
Figure 1.6: (A) Current density of hybrid Si-APS/PEDOT compared to Si/PEDOT or Si nanowire as
control. (B) The proposed mechanism of water oxidation using Si-APS /PEDOT

as

photoanode. Reproduced with permission from ref. 64 (license nos. 4466390650873 and
4466390994734). ................................................................................................................... 15
Figure 1.7: (A) UV−visible absorption spectra of AgNPs/PEDOT/SiNW arrays, PEDOT/ SiNW, AgNP/
SiNW arrays, and AgNPs /SiNW arrays. (B) Current-potential characteristics of the different
photoanodes in the dark and under illumination, collected at a scan rate of 50 mV/s from −0.5
to +0.5 V (vs SCE). Reproduced with permission from ref. 71 (license granted by written
document)............................................................................................................................... 16
Figure 1.8: Voltammetric curves of the OER measured at different rotation rates in the potential window
of 0.5-0.8 V. Electrochemical comparison of CoMn2O4-PEDOT nanocomposites with
CoMn2O4, PEDOT and π-MnO2 as (A) ORR and (B) OER electrocatalysts. Reproduced with
permission from ref. 73 (license no 4466760035499). .......................................................... 17
Figure 1.9: Left diagram: The synthesis of PEDOT:PTS-coated Goretex-Au for water splitting. Right
diagram: the proposed mechanism for hydrogen production by the PEDOT. Reproduced with
permission from ref. 75 (license no 4466441066917). .......................................................... 18

xviii

Figure 1.10: Current density plot as a function of applied voltage with and without light illumination
(vs. Ag/AgCl) (scan rate: 5 mV s-1 using aqueous 0.1 M Na2SO4 and pH 7) of: (a) PEDOT and
(b) PEDOT-1. The arrow in (b) shows the earlier onset potential for light assisted water
oxidation catalysis the inset in b shows the structure of PEDOT-1. Reproduced with
permission from ref. 76 (license no. 4466450277303). ........................................................ 19
Figure 2.1: (a) Vccco Dektak 150 profilometer, (b) Sample surface on glass that has line removed from
the film material (film has valley shape), (c) Software parameters of the profilometer’s
program, (d) Data recorded via the profilometer’s tip, (e) Surface thickness with film and (f)
Surface thickness without film material (control reference). ................................................. 48
Figure 2.2: (a) JANDEL RM3 four point probe, (b) diagram illustrating four probe operation. ........ 49
Figure 2.3: UV-Visible spectroscopy UV-1800 SHIMADZU ............................................................... 49
Figure 2.4: (a) Scheme illustrating x-Ray diffraction, (b) X-ray diffraction machine type GBC MMA
XRD (λ=1.54 Å). .................................................................................................................... 50
Figure 2.5: Schematic showing the operation of XPS. ......................................................................... 51
Figure 2.6: Jeol 7500 field emission scanned electron microscope utilized in the study. .................... 52
Figure 2.7: TEM model JEOL JEM-2010 used. ................................................................................... 53
Figure 2.8: EDWARDS FTM6 Auto 306 sputter coater. ...................................................................... 53
Figure 2.9: (a) PSD Pro SERIES Digital UV Ozone System; (b) PDC plasma cleaner. ..................... 54
Figure 2.10: B2500R-MTH sonicator................................................................................................... 54
Figure 2.11: Eppendorf 5702 centrifuge used in this study. ................................................................. 55
Figure 2.12: (a) OAKTON pH/Conductivity/TDS/°C/°F meter, (b) variety of buffer solutions for both
acidic and alkaline media provided by Ajax Pty Ltd. ............................................................ 55
Figure 2.13: Setup of photoelectrochemical cell (a) before running the experiment and (b) while
running experiment when the light was switched on. ............................................................ 56
Figure 2.14 (Initial): (a) and (c) Computer-drawn image of the GC Cell. (b), (d), Photographs of the
GC Cell prior to fitting the quartz windows. Figure continued overleaf ............................... 58
Figure 2.15: (a) CV excitation signal, (b) cyclic voltammogram of a reversible single electron oxidationreduction couple ( ref. 9) ....................................................................................................... 61
Figure 2.16: (a) EDAQ 466 Potentiostat e-corder 466; (b) EDAQ equipped with faraday cage cabinet
and computer with eDaq EChem software version v 2.1.12. (c) shows an example of a
photocurrent where * signifies that the light was switched on and # signifies that the light was
switched off. ........................................................................................................................... 62
Figure 2.17: The application of a sinusoidal voltage (top) generates a sinusoidal current response
(bottom), showing a phase shift.12. ......................................................................................... 64
Figure 2.18: Nyquist plot with impedance vector. Reproduced with permission from.12 ..................... 64
Figure 2.19: Simple equivalent electric circuit with one time constant represented as a resistor (R) in
parallel with a capacitor (C) 12. ............................................................................................. 65
xix

Figure 2.20: Bode plot with one time constant.12 ................................................................................. 65
Figure 2.21: EIS machine model SP-300 Biologic Science Instruments .............................................. 67
Figure 2.22: Schematic of a Tafel plot showing how the Tafel slope and the exchange current density
(io) are determined. ................................................................................................................ 69
Figure 2.23: Experimental protocol used in this study. ........................................................................ 76
Figure 3.1: Chronoamperograms at 0.8 V (vs. Ag/AgCl) in 0.2 M Na 2SO4 (pH 12), with and
without light illumination (0.25 sun), of FTO glass slides coated with: PEDOT/NanoNi, where the quantity of nano-Ni in the vapour phase polymerisation solution was: (a)
0 mg nano-Ni (PEDOT only; control), (b) 20 mg nano-Ni, (c) 100 mg nano-Ni, (d) 125
mg nano-Ni, and (e) 135 mg nano-Ni. (*=’light on’, #=’light off’). ............................. 83
Figure 3.2: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na 2SO4 (pH 12) over 1 h of
operation, with and without light illumination (0.25 sun), of FTO glass slides coated
with thin films of PEDOT/nano-Ni/rGO, where the polymerisation mixtures contained
125 mg of nano-Ni and the following quantities of rGO: (a) 4.8 mg, (b) 5.4 mg, and (c)
6.0 mg. (*=’light on’, #=’light off’). ................................................................................ 84
Figure 3.3: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of
operation, with and without light illumination (0.25 sun), of FTO glass slides coated
with thin films comprising of: (a) 6.0 mg rGO, (b) PEDOT containing 6.0 mg rGO, and
(c) 6.0 mg rGO and 125 mg nano-Ni only (without any PEDOT). (*=’light on’, #=’light
off’). ....................................................................................................................................... 86
Figure 3.4: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of
operation, with and without light illumination (0.25 sun), of FTO glass slides coated
with thin films of: (a) bare Pt, (b) Pt overcoated with PEDOT/nano-Ni/rGO, where the
polymerisation mixture contained 125 mg of nano-Ni and 6 mg of rGO, and (c) PEDOT
only (control). (*=’light on’, #=’light off’). ..................................................................... 87
Figure 3.5: Chronoamperogram at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 50 h of
operation, with and without light illumination (ca. 0.25 sun), of an FTO glass slide
coated with a thin film of Pt overcoated with PEDOT/nano-Ni/rGO containing 125 mg
nano-Ni and 6 mg rGO (*=’light on’, #=’light off). ....................................................... 88
Figure 3.6: GC traces of gases collected the main peaks related to O2 and there were a trace of H2 (a)
and N2 (b) gases. .................................................................................................................... 89
Figure 3.7: pH change during the first 20 h of the experiment with (i-t) data displayed in Figure
3.5. ......................................................................................................................................... 90
Figure 3.8: Chronoamperograms over the first 4 min of operation, at 0.80 V (vs Ag/AgCl) in 0.2 M
Na2SO4 (pH 12) without light illumination, of FTO glass slides coated with control thin films
comprising of: (a) 125 mg nano-Ni and 6.0 mg rGO only (without any PEDOT), (b) PEDOT
containing 6.0 mg rGO, and (c) 6.0 mg rGO. ........................................................................ 92
xx

Figure 3.9: (a) Scanning electron microscope image of PEDOT/Nano-Ni/rGO containing 125
mg nano-Ni and 6 mg rGO. The inset images show the elemental distributions, using
EDX, of: (b) O, (c) Ni, (d) C, (e) S, and (f) O, Ni, C, S together. ................................... 94
Figure 3.10: (a) Transmission electron microscopy image of PEDOT/Nano-Ni/rGO, showing the
rGO plates and the nano-Ni particles. (b) TEM of the nano-Ni/PEDOT interface. .... 95
Figure 3.11: XPS spectra using a monochromatic MgKα X-ray source of PEDOT/nano-Ni/rGO
after 6 h at 0.8 V (vs. Ag/AgCl) in 0.2 M Na 2SO4 (pH 12) showing measured data
(individual data points) and modelled data (solid lines) for the: (a) S 2p, (b) C 1s, (c)
O 1s, (d) Ni 2p spectra. ....................................................................................................... 97
Figure 3.12: (a) Nyquist and (b) Bode plots at 0.8 V vs Ag/AgCl (pH 12), showing measured data
(individual data points) and modelled data (solid lines) using the equivalent circuit
depicted in (c), as well as (d) Tafel plots of: (i) PEDOT only (dark; no light
illumination), (ii) PEDOT only (with light illumination), (iii) Pt only, (iv) Pt overcoated
with PEDOT/nano-Ni/rGO containing 125 mg nano-Ni and 6.0 mg rGO (dark; no light
illumination), and (v) Pt overcoated with PEDOT/nano-Ni/rGO containing 125 mg
nano-Ni and 6.0 mg rGO (with light illumination). ......................................................... 99
Figure 4.1: Cyclic voltammograms (vs Ag/AgCl) in 0.05 M H 2SO4/0.2 M Na2SO4 at pH 1 without
light illumination, of FTO glass slides having 1 cm 2 active geometric area, coated with:
(i)-(ii) nano-Ni/rGO (ratio 125 mg nano-Ni : 6 mg rGO), (i) immediately after
preparation and (ii) after 15 scans; or: (iii)-(iv) 100 nm of sputter-coated Pt, (iii)
immediately after preparation and (iv) after 15 scans. Scan rate: 5 mV/s. ............... 115
Figure 4.2: Pourbaix diagram for Ni. Reproduced with permission from ref. 40 (licence number
4471280265777). ............................................................................................................... 116
Figure 4.3: Chronoamperograms at -0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4, after 3 h of
operation, with and without light illumination (0.25 sun), of FTO glass slides coated with: (i)
PEDOT alone, (ii) PEDOT/nano-Ni (125 mg nano-Ni), and (iii) PEDOT/rGO (5.4 mg rGO)
(*=’light on’, #=’light off). Note that the data in graph (b) is in mA/cm 2 and therefore
substantially larger than the data in graph (a), which is in µA/cm2. ................................... 118
Figure 4.4: Chronoamperograms at -0.75 V (vs Ag/AgCl) in 0.05 M H 2SO4/0.2 M Na2SO4 (at pH
1) of FTO glass slides coated with: PEDOT/nano-Ni/rGO coatings after 3 h, with and
without light illumination, where the coatings all contained 125 mg nano-Ni but with
(b)(i) 5.4 mg rGO, (b)(ii) 6.0 mg rGO, or (b)(iii) 4.8 mg rGO (*=’light on’, #=’light
off). ...................................................................................................................................... 119
Figure 4.5: Chronoamperograms at -0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of FTO glass
slides coated with: (i) PEDOT/nano-Ni/rGO (125 mg nano-Ni/5.4 mg rGO; with light
illumination), (ii) nano-Ni/rGO without PEDOT (control) (125 mg nano-Ni/5.4 mg rGO; with
light illumination), and (iii) bare Pt (control) (without light illumination). declining sharply,
xxi

especially over the first 1 h of operation.27 As can be seen in Figure 4(iii), its current density
stabilized at a level well below that of the PEDOT/nano-Ni/rGO thin-film composite (Figure
4.5(i)). The presence of the PEDOT was clearly critical to the superior performance. ...... 120
Figure 4.6: Gas chromatography trace of the gas collected. ............................................................. 121
Figure 4.7: (a) Scanning electron microscope image of PEDOT/Nano-Ni/rGO containing 125 mg nanoNi and 5.4 mg rGO. The inset images show the elemental distributions, using EDX, of: (b) O,
(c) Ni, (d) C, and (e) S.......................................................................................................... 123
Figure 4.8: Powder X-ray diffraction (XRD) of PEDOT/Nano-Ni/rGO containing 125 mg nano-Ni and
5.4 mg rGO, relative to control PEDOT, control rGO, and control GO. ............................ 124
Figure 4.9: X-ray photoelectron spectroscopy (XPS) of PEDOT/Nano-Ni/rGO containing 125 mg
nano-Ni and 5.4 mg rGO, showing measured data (individual data points) and modelled data
(solid lines) for the: (a) S 2p, (b) C 1s, (c) O 1s, (d) Ni 2p spectra. .................................... 125
Figure 4.10: (a) Nyquist plot, (b) equivalent circuit, and (c) Bode plot; at -0.75 V (vs Ag/AgCl); showing
measured data (individual data points) and modelled data (solid lines) (modelled using the
equivalent circuit depicted in (b)), of: (i) PEDOT/nano-Ni/rGO containing 125 mg nano-Ni
and 5.4 mg rGO (with light illumination), (ii) PEDOT/nano-Ni/rGO containing 125 mg nanoNi and 5.4 mg rGO (without light illumination), (iii) control nano-Ni/rGO (without PEDOT)
containing 125 mg nano-Ni and 5.4 mg rGO (with light illumination), (iv) control PEDOT
only (with light illumination), and (v) control PEDOT only (without light illumination). .. 127
Figure 4.11: Tafel plots for: (i) PEDOT/nano-Ni/rGO containing 125 mg nano-Ni and 5.4 mg
rGO (with light illumination), (ii) PEDOT/nano-Ni/rGO containing 125 mg nano-Ni
and 5.4 mg rGO (without light illumination), (iii) control nano-Ni/rGO (without
PEDOT) containing 125 mg nano-Ni and 5.4 mg rGO (with light illumination), (iv)
control PEDOT only (with light illumination), (v) control PEDOT only (without light
illumination), and (vi) control bare Pt. ........................................................................... 129
Figure 5.1: Chronoamperograms at 0.8 V (vs. Ag/AgCl) in 0.2 M Na2SO4 (pH 12), with and without
light illumination (0.25 sun), of FTO glass slides coated with: PPy/Nano-Ni, where the
quantity of nano-Ni in the vapour phase polymerisation solution was: (a) 0 mg nano-Ni (PPy
only; control), (b) 20 mg nano-Ni, (c) 100 mg nano-Ni, (d) 125 mg nano-Ni, and (e) 135 mg
nano-Ni. (*=’light on’, #=’light off’). ................................................................................. 144
Figure 5.2: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of operation,
with and without light illumination (0.25 sun), of FTO glass slides coated with thin films of
PPy/nano-Ni/rGO, where the polymerisation mixtures contained 125 mg of nano-Ni and the
following quantities of rGO: (a) 4.8 mg, (b) 5.4 mg, and (c) 6.0 mg. (*=’light on’, #=’light
off’)....................................................................................................................................... 144
Figure 5.3: Chronoamperograms over 1 h (I) and in the first few minutes (II) at 0.80 V (vs Ag/AgCl) in
0.2 M Na2SO4 (pH 12), with and without light illumination (0.25 sun), of FTO glass slides
xxii

coated with control thin films comprising of: (a) 6.0 mg rGO only, (b) PPy containing 6.0 mg
rGO, and (c) 6.0 mg rGO and 125 mg nano-Ni only (without any PPy). (*=’light on’, #=’light
off’)....................................................................................................................................... 147
Figure 5.4: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of operation,
with and without light illumination (0.25 sun), of FTO glass slides coated with thin films of:
(a) bare Pt, (b) Pt overcoated with PPy/nano-Ni/rGO containing 125 mg nano-Ni and 6.0 mg
rGO, and (c) PPy only (control). (*=’light on’, #=’light off’). ........................................... 148
Figure 5.5: Chronoamperogram at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 50 h of operation,
with and without light illumination (ca. 0.25 sun), of an FTO glass slide coated with a thin
film of Pt overcoated with PPy/nano-Ni/rGO, where the polymerisation mixture contained 125
mg of nano-Ni and 6 mg of rGO (*=’light on’, #=’light off). The inset graph depicts the pH
change during the first 20 h of the experiment. ................................................................... 149
Figure 5.6: GC traces of gases collected of OER system ................................................................... 150
Figure 5.7: (a) Scanning electron microscopy image of PPy/Nano-Ni/rGO containing 125 mg nano-Ni
and 6.0 mg of rGO. The inset images show the elemental distributions, using EDX, of: (i) N,
(ii) O, (iii) C, (iv) Ni. (b) Transmission electron microscopy image of PPy/Nano-Ni/rGO,
showing the rGO plates and the nano-Ni particles. (c) TEM of the nano-Ni/PPy interface.
............................................................................................................................................. 152
Figure 5.8: XPS spectra of the PPy/nano-Ni/rGO film that contained 125 mg of nano Ni and 6.0 mg of
rGO (where: (a), (b), (c) and (d) represent the spectra of N 1s, C 1s, O 1s and Ni 2p
respectively. N 1s spectra derive from to the PPy while C 1s and O 1s can refer to either PPy
or rGO. Ni 2p refers to nano-Ni). ........................................................................................ 154
Figure 5.9: (a) Nyquist and (b) Bode plots at 0.80 V (vs Ag/AgCl) in 0.2 M Na 2SO4 (pH 12), showing
measured data (individual data points) and modelled data (solid lines) using the equivalent
circuit depicted in (c), as well as (d) Tafel plots of: (i) PPy only (dark; no light illumination),
(ii) PPy only (with light illumination), (iii) Pt only, (iv) Pt overcoated with PPy/nano-Ni/rGO
containing 125 mg nano-Ni and 6.0 mg rGO (dark; no light illumination), and (v) Pt
overcoated with PPy/nano-Ni/rGO containing 125 mg nano-Ni and 6.0 mg rGO (with light
illumination)......................................................................................................................... 156
Figure 5.10: Chronoamperograms at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of FTO
glass slides coated with PPy/nano-Ni/rGO after 3 h of operation, with and without light
illumination, where the coatings all contained 125 mg nano-Ni but where the rGO present
varied as follows: (i) 5.4 mg rGO, (ii) 6.0 mg rGO, or (iii) 4.8 mg rGO. (*=’light on’, #=’light
off). ....................................................................................................................................... 161
Figure 5.11: Chronoamperograms at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4, after 3 h
of operation, with and without light illumination (0.25 sun), of FTO glass slides coated with:
(a) (i) PPy alone, (ii) PPy/nano-Ni, (iii) PPy/rGO; and (b) PPy/nano-Ni/rGO. (*=’light on’,
xxiii

#=’light off). Note that the data in graph (b) is in mA/cm2 whereas the data in graphs (a) are
in µA/cm2.............................................................................................................................. 163
Figure 5.12 Chronoamperograms at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of FTO glass
slides coated with: (i) nano-Ni/rGO (125 mg nano-Ni/5.4 mg rGO; without light illumination),
(ii) PPy/nano-Ni/rGO (with light illumination; 0.25 sun), and (iii) bare Pt (without light
illumination)......................................................................................................................... 163
Figure 5.13: GC traces of gases collected of HER system ................................................................. 165
Figure 5.14: Scanning electron microscope image of PPy/Nano-Ni/rGO (main picture) after 3 h of
operation. The insets depict the distribution of the following elements according to EDX
mapping (top from left to right): C, O, N and Ni, while the depiction at bottom left represents
all of these elements in the film. ........................................................................................... 166
Figure 5.15: Powder X-ray diffraction (XRD) of PPy/Nano-Ni/rGO and control: PEDOT, rGO, and
GO. ....................................................................................................................................... 167
Figure 5.16: X-ray photoelectron spectroscopy (XPS) of PPy/Nano-Ni/rGO after 3 h operation. .... 169
Figure 5.17: (a) Nyquist plot, (b) equivalent circuit, and (c) Bode plot; at –0.75 V (vs Ag/AgCl);
showing measured data (individual data points) and modelled data (solid lines) (modelled
using the equivalent circuit depicted in (b)), for: (i) PPy/nano-Ni/rGO (with light
illumination), (ii) PPy/nano-Ni/rGO (dark; without light illumination), (iii) nano-Ni/rGO, (iv)
PEDOT only (with light illumination), and (v) PPy only (dark). Where nano-Ni and rGO are
indicated to be present, the quantities were 125 mg nano-Ni, and 5.4 mg rGO. ................. 172
Figure 5.18: Tafel plots for: (i) PPy/nano-Ni/rGO (with light illumination), (ii) PPy/nano-Ni/rGO
(dark; without light illumination), (iii) Nano-Ni/rGO, (iv) Pt only, (v) PPy only (with light
illumination), (vi) PPy only (dark; no light illumination).................................................... 174
Figure 6.1 Chronoamperograms at 0.8 V (vs. Ag/AgCl) in 0.2 M Na2SO4 (pH 12), with and without light
illumination (0.25 sun), of FTO glass slides coated with: PEDOT/nano-Co3O4, where the
quantity of nano-Co3O4 in the vapour phase polymerisation solution was: (a) 0 mg nanoCo3O4 (PEDOT only; control), (b) 40 mg nano-Co3O4, (c) 90 mg nano-Co3O4, (d) 110 mg
nano-Co3O4, and (e) 120 mg nano-Co3O4. (*=’light on’, #=’light off’). ............................ 184
Figure 6.2: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of operation,
with and without light illumination (0.25 sun), of FTO glass slides coated with thin films of
PEDOT/nano-Co3O4/CNT, where the polymerisation mixtures contained 110 mg of nanoCo3O4 and the following quantities of CNT: (a) 1.0 mg, (b) 2.0 mg and (c) 3.0 mg (*=’light
on’, #=’light off’). ................................................................................................................ 186
Figure 6.3: Chronoamperograms over 1 h (I) and in the first few minutes (II) at 0.80 V (vs Ag/AgCl) in
0.2 M Na2SO4 (pH 12), with and without light illumination (0.25 sun), of FTO glass slides
coated with control thin films comprising of: (a) 2.0 mg CNT only, (b) PEDOT containing 2.0

xxiv

mg CNT, and (c) 2.0 mg CNT and 110 mg nano-Co3O4 only (without any PEDOT). (*=’light
on’, #=’light off’). ................................................................................................................ 187
Figure 6.4: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of operation,
with and without light illumination (0.25 sun), of FTO glass slides coated with thin films of:
(I) Pt overcoated with PEDOT/nano-Co3O4/CNT, where the polymerisation mixture contained
110 mg of nano-Co3O4 and 2.0 mg of CNT, (II) Pt overcoated with nano-Co3O4/CNT, where
the polymerisation mixture contained 110 mg of nano-Co3O4 and 2.0 mg of CNT(without
PEDOT),(II) bare Pt (c)and (c) PEDOT only (control). (*=’light on’, #=’light off’). ....... 189
Figure 6.5: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 35 h of
operation, with and without light illumination (ca. 0.25 sun), of an FTO glass slide coated
with a thin film of Pt over-coated with PEDOT/nano-Co3O4/CNT/Pt/FTO, where the
polymerisation mixture contained 110 mg of nano-Co3O4 and 2.0 mg of CNT (*=’light on’,
#=’light off).......................................................................................................................... 190
Figure 6.6: pH change in the anode electrolyte during the first 20 h of the experiment with data
displayed in Figure 6.5. ....................................................................................................... 191
Figure 6.7: GC traces of gases collected from the PEDOT/nano-Co3O4/CNT electrode .................. 192
Figure 6.8: The main image (a) represents the scanning electron microscope image of PEDOT/nanoCo3O4 /CNT. The other images show the elemental distributions, using EDX, of (b) S, (c) C,
(d) O, and (e) Co. ................................................................................................................. 193
Figure 6.9: Powder X-ray diffraction (XRD) of PEDOT/nano-Co3O4/CNT and control PEDOT and
CNT. ..................................................................................................................................... 194
Figure 6.10: XPS spectra of PEDOT/nano-Co3O4/CNT film (a, b, c and d represent the spectra of C 1s,
S 2p and O 1s and Co 2p respectively. C 1s spectra and O 1s can refer to both PEDOT and
CNT while S 2p refers to PEDOT finally Co 2p refers to nano-Co3O4 particles................. 195
Figure 6.11: (a) Nyquist plots showing measured data (individual data points) and modelled data (solid
lines) using the equivalent circuit depicted in (b), and (c) Bode polts, as well as (d) Tafel plots
of: (i) Pt overcoated with PEDOT/nano-Co3O4/CNT (with light illumination),(ii) Pt
overcoated with PEDOT/nano-Co3O4/CNT (dark; no light illumination), (iii) Pt only, (iv)
PEDOT only (with light illumination), and (v) PEDOT only (dark; no light illumination). 197
Figure 7.1: (a) Schematic illustration of a photoelectrochemical cell utilizing PEDOT/nano-Ni/rGO
films for water-splitting with no voltage bias applied. In the left half-cell, a light-assisted
anode for OER catalysis is combined, on the right, with a light-assisted cathode half-cell for
HER catalysis. A hydrogel bridge is provided between the two half-cells. (b) Photograph of
the PEC cell setup used........................................................................................................ 208
Figure 7.2: Linear Sweep Voltammogram (LSV) of PEDOT/nano-Ni/rGO films, on FTO glass, in range
(1.1-1.5 V; 2-electrode cell voltage). The anode was PEDOT/nano-Ni(125 mg)/rGO(6 mg ) film in

xxv

0.2 M Na2SO4 with pH 12 while the cathode was 0.1 PEDOT/nano-Ni(125 mg)/rGO(5.4 mg ) film
(0.1 M H2SO4). Scan rate: 5 mv/s. ....................................................................................... 210
Figure 7.3: Chronoamperogram of catalytic water-splitting with and without light illumination (ca.
0.25 sun), of FTO glass slides coated with PEDOT/nano-Ni-nano/rGO as illustrated in Fig
7.1 at a 2-electrode cell voltage of: (a) 1.23 V and (b) 1.5 V, respectively for 1 h of operation
............................................................................................................................................. 212
Figure 7.4: Chronoamperogram of catalytic water-splitting with and without light illumination (ca.
0.25 sun), of FTO glass slide electrodes coated with a PEDOT/nano-Ni-nano/rGO as
illustrated in Fig 7.1 at a 2-electrode cell voltage of: (a) 1.23 V and (b) 1.5 V, respectively for
14 h of operation. (*=’light on’, #=’light off). .................................................................... 213
Figure 7.5: Resistance as a function of length of the hydrogel separator used in this study. ............ 214
Figure 7.6: Stress-strain curves for the ionic PAAm-CsCl hydrogel used in this study. .................... 215
Figure 7.7: Compression test analysis of PAAm-CsCl hydrogel. ................................................ 216
Figure 7.8: A typical plot between water loss percentage and time in days for the PAAm+ CsCl hydrogel
............................................................................................................................................. 217

xxvi

List of Tables
Table 2.1: The chemicals and reagents used in this study .............................................................. 46
Table 3.1: Data from modelling of electrochemical impedance spectroscopy (ohmic
resistance (Rel), adsorption resistance (Rad), diffuse layer capacitance (C dl), catalytic
charge transfer resistance (R CT), and capacitance expressed in terms of a constant
phase element (Q CPE, nCPE, and CCPE)).64 Data from Tafel plot studies (slope (A),
exchange current density (i o)). (‘dark’ = without light illumination; ‘light’ = with
light illumination) ........................................................................................................... 101
Table 4.1: Data from modelling of the EIS results in Figure 4.10 (ohmic resistance, Ro,
charge transfer resistance, Rct, and charge transfer capacitance (Cct) expressed in
terms of a constant phase element (nCPE, and CCPE)); 79 and Tafel plots (slope A;
exchange current density io). The equivalent circuit in Figure 4.10(b) was used to
model the EIS data. (‘dark’ = without light illumination; ‘light’ = with light
illumination). ................................................................................................................... 130
Table 5.1: Comparison of results from chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4
(pH 12) over 1 h of operation, with and without light illumination (0.25 sun), of FTO glass
slides coated with thin films of PPy/nano-Ni/rGO or PEDOT/nano-Ni/rGO................... 145
Table 5.2: Typical conductivities and thicknesses of PPy and PEDOT thin films. ....................... 145
Table 5.3: Comparison of results from chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4
(pH 12) over 1 h of operation, with and without light illumination (0.25 sun), of FTO glass
slides coated with thin films of PPy/nano-Ni/rGO or PEDOT/nano-Ni/rGO vs controls. 148
Table 5.4: Data from modelling of electrochemical impedance spectroscopy (ohmic
resistance (Rel), adsorption resistance (Rad), diffuse layer capacitance (C dl), catalytic
charge transfer resistance (R CT), and capacitance expressed in terms of a constant
phase element (Q CPE, nCPE, and CCPE)).20 Data from Tafel plot studies (slope (A),
exchange current density (i o)). (‘dark’ = without light illumination; ‘light’ = with
light illumination) ........................................................................................................... 157
Table 5.5: Comparison of results from chronoamperograms at -0.75 V (vs Ag/AgCl) in 0.05 M
H2SO4/0.2 M Na2SO4 of FTO glass slides coated with thin films of PPy/nano-Ni/rGO or
PEDOT/nano-Ni/rGO. ...................................................................................................... 162
Table 5.6: Comparison of results after 3 h operation, from chronoamperograms at -0.75 V (vs
Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of FTO glass slides coated with thin films of
PPy/nano-Ni/rGO or PEDOT/nano-Ni/rGO vs controls. ................................................. 164

xxvii

Table 5.7: Data from EIS modelling (ohmic resistance, Ro, charge transfer resistance, R ct, and
charge transfer capacitance (Cct) expressed in terms of a constant phase element (nCPE and
CCPE) and Tafel plots (slope A; exchange current density io). .......................................... 173
Table 6.1: Data from electrochemical impedance spectroscopy (ohmic resistance (Rel), adsorption
resistance (Rad), diffuse layer capacitance (Cdl), catalytic charge transfer resistance (RCT),
and capacitance expressed in terms of a constant phase element (QCPE, nCPE, and CCPE))55.
Data from Tafel plot studies (slope (A), exchange current density (io)). (‘dark’ = without
light illumination; ‘light’ = with light illumination)......................................................... 198
Table 7.1: Conductivity, pH and water content of hydrogel bridge (PAAm+CsCl ) ........... 214
Table 7.2: Tensile test parameters for PAAm - CsCl hydrogel used in this study. ............... 215
Table 7.3: Compression test parameters for PAAm - CsCl hydrogel..................................... 216
Table A. Examples of recent applications of conducting polymers in water splitting………..……225
Table B: Examples of water electrolysis and PEC water splitting based on modified graphene oxide
...................................................................................................................................... ....228

xxviii

Introduction

Declaration: Portions of this chapter are drawn from a published book chapter entitled:
“Application of Conducting Polymers in Solar Water-Splitting Catalysis”, for which I,
Mohammed Alsultan, was the first author, along with co-authors: Abbas Ranjbar, Gerhard F.
Swiegers, Gordon G. Wallace, Sivakumar Balakrishnan, and Junhua Huang (Chapter 11 in
Industrial Applications for Intelligent Polymers and Coatings, M. Hosseini, A.S.H. Makhlouf
(eds.), Springer International Publishing, Switzerland, 2016 (DOI 10.1007/978-3-319-268934_11). My contribution involved: (i) researching the scientific literature, (ii) identifying the
publications of interest, (iii) writing short summaries of each publication, and (iv) writing the
first draft of the book chapter.

1.1

Background: Demand for Renewable Energy

On Earth, there are two main types of energy available for use: renewable energy and
non-renewable energy. When the source of energy is, effectively, unlimited, it is called
renewable energy; examples include sunlight, tidal and wave energy, wind power, hydropower
energy, geothermal energy and biofuel production from carbon neutral materials with low CO2
emissions. If the source of the energy may be depleted, it is called non-renewable energy; the
main example is fossil fuels. A key advantage of renewable energy is that this source does not
result in CO2 emissions to the atmosphere (CO2 is a so-called “greenhouse gas”). By contrast,
non-renewable energy contributes to greenhouse gases and climate change. Increasing
population growth, standards of living, development and urbanization have resulted in a
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growing requirement for supplied power. In addition, the sources of many non-renewable
energy types, such as oil, are decreasing in number and becoming more difficult to find. In
most countries, fossil fuels supply 80% of energy needs. Questions have been raised as to
whether fossil oil will be enough for the long term. Studies have shown that current oil reserves
will last for the next 40 years, gas for the next 60 years and coal for the next 200 years. 1
Scientists have estimated that the total energy required by 2050 will be 13 tetrawatt (TW) per
annum.2 These factors have encouraged governments, communities and energy companies to
support efforts aimed at developing alternative energies like solar cells, geothermal energy,
wind power and nuclear fusion.3-5
Sunlight could provide us with 3.8 x 1023 kW of energy per hour. 6 This means that
sunlight could supply 100,000 times more energy than is used by the current population.6 If
only 0.1% the earth’s surface were to be covered with solar cells that have conversation
efficiency 10%, this will satisfy the energy needs of the current world population.7 Thus, the
renewable energy industry is in a position to grow rapidly to provide for future energy needs.8

1. 2

Water Electrolysis and Photochemical Cell Water Splitting: A Brief Description

Hydrogen (H2) and oxygen (O2) gases have been successfully produced in large scale
using water splitting electrochemical systems (known as water electrolyzers) since the 1930’s.
Much research has since been devoted to the development of water splitting systems utilizing
both biological (e.g. algae, plant and certain bacteria) and physical methods (e.g. catalysts and
semiconductors).9
In 1972, Fujishima and Honda developed the first photoelectrochemical cell (PEC)
that split water under light, using a TiO2 n-type semiconductor as anode connected to a
platinum black cathode, operating in aqueous electrolyte at pH 4.7 and a bias of -5 V (vs SCE).
When the PEC was illuminated with light, O2 and H2 were generated at the anode and the
cathode respectively.10 Later, PEC technology was developed to be capable of directly
converting water to O2 and H2 under sunlight, without need for an applied voltage. An
2

extensive effort has been made to combine water electrolysis with solar power, as that can
provide an attractive approach to producing sustainable H2 and O2. 11, 12
Thermodynamically, a minimum potential of 1.23 V vs NHE at pH 0 is required to
achieve water decomposition into H2 and O2 (eq. 1.1) with a Gibbs free energy (∆Gº) for the
reaction of 237 kJ/mol, at standard condition of temperature and pressure (STP).9

𝐻2 𝑂(𝑙) + 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 + ℎ𝑒𝑎𝑡 → 𝐻2(𝑔) +

∆Gº = 237 kJ/mol and E°𝑐𝑒𝑙𝑙 = 1.23 𝑉

1
𝑂
2 2(𝑔)

… (1.1)

… (1.2)

The actual minimum cell potential (E) decreases as the pH increases according to the
Nernst equation: 13

… (1.3)

E = E°𝑐𝑒𝑙𝑙 − 0.0591(𝑝𝐻)

where E represents the actual cell potential and E°𝑐𝑒𝑙𝑙 is the standard cell potential. These
minimum potentials represent the smallest amount of electrical energy needed to drive the
reaction.
In practice, higher potentials than 1.23 V vs NHE must be applied to drive the water
splitting reaction. The higher potentials are needed to provide heat to the reaction, which is
formally endothermic. Thus, up to a voltage of 1.48 V vs NHE (known as the ‘thermoneutral
voltage', or ETN), the additional voltage provides the heat required by the reaction. At 1.48 V,
the electrical energy needs and the thermal (heat) needs of the reaction are, in theory, fully
provided for, so that water electrolysis at 1.48 V is considered to have an energy efficiency of
100%.9 Above 1.48 V, the additional voltage generates additional heat that is irradiated into
the external environment in an exothermic manner.
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Additional voltage must also be applied to overcome kinetic phenomenon during
water splitting, such as loss of Ohmic voltage and mass transport (i.e. the needs to move
reactants to the catalysts and products away from them); this voltage is known as the
“overpotential”.14 The activity of water splitting electrocatalytic systems, typically, depend on
several parameters, including: (a) surface area, shape and size of the catalysts materials,15 (b)
the conduction pathway and electrical resistance,16 (c) the local pH and the external bias that
is applied,17-18 and (d) the use of sunlight as an energy source (if the catalysts employed have
wide visible absorption bands).19-20
In an electrochemical cell, water splitting involves two half-cell reactions. At the
cathode, water reduction occurs leading to the ‘hydrogen evolution reaction’ (HER). At the
anode, the water oxidation half-cell reaction occurs, leading to the ‘oxygen evolution reaction’
(OER). In alkaline solution, the equations for the half-cells are:14

Cathode (reduction)

4𝐻2 𝑂 + 4𝑒 + → 2𝐻2 + 4𝑂𝐻 −

… (1.4)

Anode (oxidation)

4𝑂𝐻 − → 𝑂2 + 2𝐻2 𝑂 + 4𝑒 +

… (1.5)

In the acidic media the corresponding reactions are:

Cathode (reduction)

Anode (oxidation)

4𝐻 + + 4𝑒 − → 2𝐻2

… (1.6)

2𝐻2 𝑂 → 𝑂2 + 4𝐻 + + 4𝑒 −

… (1.7)

Water oxidation (or the OER) requires a higher potential than water reduction (or the
HER). The greater potential is needed for the four electron process of forming the O-O bond.
The HER requires a 2-electron process to form the H-H bond, so that it is easier than the OER.
Figure 1.1 depicts a comparison in potential of both HER and OER (ηa and ηc refer to the
potential of OER and HER respectively.)21
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Figure 1.1: Comparison of the potentials (V) and electrical currents (j) involved in the HER and
OER. The values ηa and ηc refer to the potential of OER and HER respectively. Reproduced with
permission from ref. 21 (license no. 4466800227002).

Noble-metals themselves, like Pt, and noble metal oxides, such as RuO2, IrO2, RhO2,
PtO2, have high activities as catalysts of both the OER and the HER in alkaline and acidic
media. However, due to their high cost and scarcity, much effort has been devoted to catalysis
by earth-abundant transition metals or their alloys, including Ni, Co and Fe, as alternative
catalysts for OER and HER water electrolysis. These efforts highlight the attractive properties
of transition metals for PEC water splitting, such as: high activity, durability and stability
(some of them have higher performance than noble materials, especially when they are
interfaced with other materials that can improve the catalyst performance, such as nitrides,
carbides, sulﬁdes, phosphides, selenides and carbon-based graphene, reduced graphene oxide,
and carbon nanotubes).22
Photocatalysis involves a chemical reaction that occurs via a catalyst under
photoirradiation. Photosystem II is a natural biological system found in all photosynthetic
organisms that is a natural source of energy on earth. It splits water into oxygen under the
influence of sunlight, generating energetic electrons in the process. Photosynthesis uses these
electrons, effectively, to power the plant or microbe in which it occurs.15, 23
The fundamental principle of artificial water splitting under light includes three steps;
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a) electrons (e-) in the valence band (VB) of the photocatalyst absorb light and transfer to the
conduction band (CB) leaving holes (h+) in the VB,
b) both the h+ and e- transfer to different locations on the surface of the photocatalyst, and
c) when the h+ and e- reach the surface, they create the processes of water reduction (HER)
and water oxidation (OER), respectively, at their different locations.
Ideally, the VB should be 1.23 V or more in order to ensure O2 evolution while the CB should
be at 0.00 V or less to ensure H2 evolution. 24
The success of a photoelectrochemical cell (PEC) in water splitting also depends on
various technical and economic parameters, including that the cell contents should be low cost,
non-toxic to the environment, have high durability, and should easily harness sunlight.
Nanotechnology has also played a crucial role in the development of the photochemical solar
cell, by, for example, allowing for tuning of the VB-CB bandgap of the photocatalyst and /or
interfacing with other catalytic materials for water splitting able to increase its efficiency,
durability, and stability.25-27

1.3

Applications of Conducting Polymers in PEC Water-Splitting

In 1978, Shirakawa and colleagues demonstrated that polyacetylene becomes
electrically conductive after being treated with electron-accepting (p-doped) or electron
donating dopants (n-doped).28-29 Since that time, an entire class of polymeric conductors has
been developed, including polypyrroles (PPy), poly(3,4-ethylenedioxythiophenes) (PEDOT),
polythiophenes, polyanilines and many more; Figure 1.2 shows the parent forms of these
polymers.30 Conducting polymers (CPs) have two broad potential application areas.31 The first
utilizes the conductivity of CPs in, for example electrostatic materials, conducting adhesives,
electromagnetic shielding, printed circuit
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Figure 1.2: Common conducting polymers

boards, artificial nerves and electronics (diodes, transistors). The second makes use of their
electroactivity in, for example, molecular electronics, biochemical and thermal sensors, optical
computers, rechargeable batteries and solid electrolytes, drug release systems and ionexchange membranes.
CPs are extensively conjugated molecules that have backbones of π-electrons due to
C=C conjugated bonds that are able to inter-convert between single and double bonds. In these
molecules, electrons are able to move through the extended π – orbital system. This feature
imparts CPs with interesting properties, including low ionization potential, low-energy
optically transitions, and high electron affinity, which allow the polymer to be oxidized and
reduced relatively easily.32 Conducting polymers are typically insulators in their neutral state
but when they are doped their behaviour changes to the conducting state.33 Doping of
conducting polymers can be viewed as a charge transfer reaction, which results in oxidation
or reduction of sites along the polymer chains. This induces upward shifts in the energy of the
highest occupied molecular orbital (HOMO) of the valence band (VB) and downward shifts
in the energy of the lowest unoccupied molecular orbital (LUMO) of the conducting band
7

(CB), decreasing the bandgap in the process.34 By contrast, the doping reaction in solid-state
semiconductors creates either electron rich or electron deficient sites with no charge transfer
between these sites. The general doping reaction process of CPs follows the equations.35

Polymer + X

(Polymer) n+ +X n- p-doping reaction (X = oxidising agent) … (1.8)

Polymer + M

(Polymer) n- +X n+ n-doping reaction (M = reducing agent) … (1.9)

(X includes I, Br, As F while M = Na, Li).32

The conductivity of a polymer depends on the level of doping, the relative alignment
of the polymer chains, the conjugated chain length and the sample purity, amongst others. 32
The conductivity can be measured using the equation:

σ= 1/ R = n e μ

… (1.10)

where σ = conductivity (Ω-1 m-1 or S m-1, typically reported as S cm-1), n = number of charge
carriers (electrons or holes [e-, h+]), e = electron charge and μ = charge carrier mobility. CPs
can be controlled if the nature of the process that regulates them can be understood 31
CPs have other unique properties such as tunable conductivity between insulating
and metallic regions, adjustable permeability, are relatively low cost, have readily available
processing capacities and have controllable microwave absorption properties, which make
them significant for industrial applications.36
Solar cell applications involving CPs have attracted broad research interest due to their
potential utility in the fabrication of low-cost, flexible and large area electrochemical devices.
The conversion efficiency of such “polymer” solar cells is, however, still low when compared
with inorganic semiconductors. A key challenge is therefore to find polymers that display the
properties needed for high conversion efficiency, such as broad/intense absorptions, and high
charge carrier mobility at appropriate energy levels.37 One possible way to increase the
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conversion efficiency involves utilizing two or more chemical materials with different spectral
responses to achieve a higher overall utilization of solar energy.38 This principle has been
applied to modify, for example, photoelectrochemical (PEC) anodes with conducting
polymers to thereby render them capable of splitting water when illuminated with sunlight.

1.3.1

PEC Water-Splitting Utilizing Polypyrrole (PPy)

Polypyrrole (PPy) is commercially inexpensive and processable (conductivity
approximately 10-50 S cm-1). It is thermodynamically stable and can be readily prepared by
polymerization of its monomer; using a chemical oxidant such as FeCl3, or via its
electrochemical synthesis, with the incorporation of counter-ions into the polymer matrix. PPy
has high conductivity due to its charge carrier mechanism.39-41
PPy was studied as a nanoparticle coating for water oxidation catalysis by Arthur and
Honda more than 30 years ago.42 They reported that when CdS nanoparticles were modified
with a PPy layer, the PEC performance in the oxidation of water to O2 gas was improved. They
also reported that the presence of the PPy stabilized the semiconductor surface against
photodegradation. By contrast, when polystyrene was used as a coating instead of PPy, it
reduced the ΔG for solvation of the CdS lattice, resulting in photocorrosion of the CdS
semiconductor surface.
Recently, Tan and colleagues43 fabricated a new PEC for hydrogen (H2) evolution
under visible light using TiO2 modified with PPy. PPy/TiO2 nanoparticles (NPs) were prepared
with two different morphologies: particles and film. PPy was combined with TiO 2
nanoparticles through in situ polymerization using water-trihexyl(tetradecyl)phosphonium
dicyanamide in ionic liquid/water or toluene/water. The film generated from toluene displayed
a higher H2 generation rate compared to the particle morphology, which yielded lower H2
production but higher thermal stability. As PPy coats the surface of TiO2 nanoparticles, the
PPy/TiO2 NPs have a core-shell structure. The low band gap of PPy (2.6 eV) allowed the
absorption of visible light and the transfer of an excited electron into the conduction band of
9

TiO2 (3.2 eV), resulting in an electron-hole pair, which was able to split water into H2 at the
TiO2 interface and O2 at the PPy interface. The transfer of the excited electrons into the
conduction band (CB) of, first PPy and then TiO2, which has a lower energy than the excited
state of PPy, diminished the rate of electron-hole recombination in PPy. The electrons on the
surface of TiO2 are sufficiently energetic to reduce water to hydrogen gas. The holes that
remain on the PPy are able to oxidize water. The mechanism is shown schematically in Figure
1.3. In addition, the PPy/TiO2 photoelectrode, which generated 0.04 mmol min−1 of hydrogen,
was non-toxic and inexpensive when compared with other inorganic materials such as InTaO4
(band gap 2.25 eV) and YBiWO6 (band gap 2.71 eV), which produce similar rates of H2 (0.05
mmol min−1 and 0.07 mmol min−1, respectively, under light of wavelength >420 nm).
Furthermore, the combined PPy/TiO2 appeared to be better than other systems based
on Pt or shuttle redox mediators such as IO3−/I−1 and Fe3+/2+.44-46 Other, similar, core-shell
systems have been described elsewhere.47

Figure 1.3: The mechanism of electron transfer to the CB of TiO2, which assisted H2 and O2
evolution in PPy/TiO2 nanoparticles. It should be noted that the CB in the PPy component is
actually an excited electronic state (LUMO). Reproduced with permission from ref. 43 (written
agreement).
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Perhaps the best known polymerization technique for semiconductor modification is
in situ polymerization, which includes sol-gel, blending and vapour phase polymerization
methods. Simple operation and mild reaction conditions are required.
Wang and co-workers48 used in situ polymerization to modify TiO2 with PPy. The
resulting TiO2 /PPy (core/shell) had higher photoactivity under irradiation than TiO2 modified
with methyl orange. Moreover, higher conductivity and better absorption of visible light could
be achieved by treating the PPy with dopants such as anthraquinone-2-sulfonic acid, iron (III)
sulfate, and iron(III) p-toluenesulfonate hexahydrate.
The chemical structure and the doping method played a significant role in determining
the properties of PPy in such fabricated photoanodes.49 CdS is, in theory, an excellent
semiconductor for water splitting since it has a near-ideal band gap (2.4 eV) with the energy
of the conduction band CB well placed for water oxidation.50 Zhang et al.51 used in situ
polymerization to improve the conductivity and the absorbance of PPy on CdS. Sodium
dodecylbenzene sulfonate (DBSNa), hexadecyl trimethyl ammonium bromide (CTAB) and
sodium p-toluenesulfonate (TSNa) were employed as dopants. Na2S and Na2SO3 acted as
sacrificial reagents to diminish recombination. The results revealed that PPy/CdS displayed
higher performance than CdS alone, with larger H2 generation rates observed. The use of TSNa
as dopant yielded the best photoactivity for H2 generation, while samples doped by CTAB
displayed lower photoactivity (Figure 1.4).
PPy is a promising conductive polymer that generates excited electrons in direct
response to visible light. Nanoparticles modified with PPy may display amplified
photocurrents and improved conversion efficiencies when used as a photoelectrode in a PEC
application.52 PPy is also stable in acidic and neutral solutions, helping to prevent electronhole recombination reactions (backward reactions). These properties encouraged Wang et al.53
to combine PPy with the semiconductor ZnO, which is a promising photoanode for PEC water
splitting. ZnO is also commercially inexpensive and its band gap is more suitable than other
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Figure 1.4: Hydrogen evolution rates of: (a) CdS and PPy/CdS with different dopants; DBNa,
TSNa and CTAB, and (b) PPy/CdS doped by TSNa having different levels of PPy. Reproduced
with permission from ref. 51 (license no. 4466750304402).

semiconductors such as TiO2.54 PPy/ZnO core-shell nanoparticles were synthesized on indium
tin oxide (ITO) by a chemical oxidation method, which included using boric acid as a buffer
solution containing potassium chloride and sodium dodecylsulfate. FeCl3 was used as oxidant.
Figure 1.5 a schematically shows the structure of the combined PPy/ZnO NPs.53

Figure 1.5: a) Schematic of the structure of PPy/ZnO on the surface of ZnO nanorods
(NRs). b) Illustration of PPy/ZnO NPs mechanism as PEC catalyst for water splitting under
visible light. Reproduced with permission from ref. 53 (license no. 4466740456316).
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Wang’s work highlighted three important features of PPy which make it useful in
catalytic water-splitting applications when combined with a conventional semiconductor,
namely: (i) PPy has a band gap that enhances PEC performance under visible light, (ii) the
conductivity of PPy accelerates the transfer of electrons during the creation of holes, and (iii)
the stability of PPy in water suppresses photo-corrosion of the solid-state semiconductor to
thereby enhance the stability of the PEC system toward water oxidation. Figure 1.5(b)
illustrates the mechanistic steps for PEC performance as described in Wang’s work. The holes
are generated at the PPy film by light excitation of electrons to the VB of the PPy. The excited
electrons are then injected into the CB of ZnO. The holes in the CB of PPy oxidize water. The
PEC was improved by increasing the gap in the Fermi levels to facilitate electron transfer from
PPy to ZnO. Polypyrrole oligomers and molecular materials have also been investigated in
water splitting.55-56

1.3.2

PEC Water-Splitting Utilizing Poly(3,4-ethylenedioxythiophene)
(PEDOT)

While PEDOT is formally a functionalized thiophene, it will be addressed separately in this
work because PEDOT is widely considered to be the best available CP in terms of
conductivity, processability, transparency to visible light, stability, and fast electrochemical
switching.57-60 PEDOT can be combined with dispersions which act as counter ions, such as
poly(styrene sulfonic acid) (PSS). The presence of a counter ion enhances the positive charge
in oxidized PEDOT, increasing its dispensability and yielding PEDOT: PSS.59 The properties
of PEDOT encouraged researchers to use it to enhance the performance of PECs for both the
Oxygen Evolution Reaction (OER) and the Hydrogen Evolution Reaction (HER) from water.
Thin films of PEDOT and poly(ethylene glycol) (PEG) have been synthesized on gold
(Au), glassy carbon (GC) and titanium foil (Ti) substrates.61-63 Li and colleagues have also
fabricated a hybrid Si-APS/PEDOT core-shell nanowire system by vapour phase
polymerization (VPP) (APS = 3-aminopropyltriethoxysilane).64 APS was used as the initial
13

monolayer coating on the Si nanowire surface. Subsequent vapour phase polymerization of
the monomer EDOT produced a strong, mechanically adhered PEDOT coating on the Si
nanowire. PEDOT has a high selectivity for this application and could be finely patterned onto
the nanoparticles due to the strong interaction between the N-H group on APS and PEDOT.
The use of FeCl3 as oxidant also dramatically improved the adhesion between the PEDOT film
and the combined substrate.65 The resulting hybrid photoelectrode Si-APS/PEDOT exhibited
a notable catalytic performance in water splitting, generating high relative current densities (as
shown in Figure 1.6(A)). It also displayed improved corrosion stability.
The mechanism of H2 generation in this system was investigated. The Si nanowire
absorbed the incident light, since the transparency of the PEDOT film was high in the visible
light range. Electron–hole pairs could be diffused from the Si nanowire to the Si/PEDOT
interface and then be separated by the Schottky junction effect. As depicted in Figure 1.6(B),
thanks to the external bias, the electrons moved toward the aluminium (Al) circuit contact and
then, via the external circuit, on to the Pt cathode, where they reduced water to form hydrogen.
The holes (h+) transferred to the PEDOT film, facilitating water oxidation on the surface to
generate oxygen gas. Short nanowires suppressed the recombination of the generated electronhole pairs but yielded lower activity toward hydrogen reduction. Long nanowires were better
from an activity point of view, but resulted in increased recombination reactions.
PEDOT can also be combined with sensitizers and with other nonconductive or
conducting polymers, such as polyethylene glycol (PEG) and polythiophene (PTh), to exhibit
significant electrocatalytic properties. For example, PEDOT-PEG has been reported to
catalyse water reduction to hydrogen at rates higher than classical catalysts like Pt. 66 The PEG
was believed to facilitate ion diffusion in the interior of the polymer materials. The VPP
method was said to enhance the incorporation of PEG to thereby ensure that the polymer
structure has an open morphology which allowed electrolyte access. Thus, the main role of the
conductive polymer in water reduction was to provide a source of electrons.66
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Figure 1.6: (A) Current density of hybrid Si-APS/PEDOT compared to Si/PEDOT or Si
nanowire as control. (B) The proposed mechanism of water oxidation using Si-APS /PEDOT
as photoanode. Reproduced with permission from ref. 64 (license nos. 4466390650873 and
4466390994734).

Studies have also examined PEDOT combined with other polymers in such PEC
systems. For example, Kolodziejczyk and co-workers67 studied a new hetero-junction design
involving alloys of two conjugated polymers, PEDOT and poly(ter-thiophene) (PTTh), as a
light-assisted catalyst of: (i) oxygen reduction (to form water), and (ii) water oxidation (to
form oxygen). In acting as an oxygen reduction photocatalyst, the mixed polymers, deposited
using the VPP method on either bulk gold or on Gore-Tex sputter-coated with gold, exhibited
excellent performance, with stability lasting up to 98 h. However this photocatalyst did not
display a notable water-oxidation effect, likely due to the recombination reactions.
Gustafson et al.68 investigated the performance of conjugated polymers for water
oxidation under illumination by UV light. Four sets of mixtures were prepared by VPP;
namely, PEDOT: poly(thieno[3,2-b]thiophene) (PTT), PEDOT: poly(dithieno[3,2-b:2′,3d]thiophene) (PDTT). PDTT, PEDOT: PEG: PTT and PEDOT: PEG: PDTT, with different
ratios. It was observed that PEDOT: PEG: PDTT in the ratio 1:2:2 achieved the highest current
density under illumination followed by PEDOT: PEG (1:1) and PEDOT: PDTT (1:2)
respectively. The reasons for this behaviour were not explored in detail. However, it was
suggested that the behaviour may arise from a higher degree of order or alignment in the
15

PEDOT. The interesting thing that was observed was that the active junction could potentially
be enhanced to achieve a relative photovoltage and photocurrent increase under illumination.
As noted earlier, PEDOT may display anticorrosion properties in water due to the
Schottky junction between the PEDOT layer and its substrate. The junction facilitates the
transfer of holes to the solution. 69-70These properties encouraged Duan et al.71 to select PEDOT
as the coating for Ag nanoparticles (AgNPs) modified with core-shell Si nanowires (SiNW).
Water/methanol was used as the electrolyte. The PEDOT film was deposited on the surface of
the SiNWs by electro-polymerization. The resulting AgNPs/PEDOT/SiNW arrays displayed
stronger light absorbance than unmodified PEDOT/SiNWs, AgNP/SiNWs or SiNWs (Figure
1.7(A)). In addition, the PEDOT layer assists to release the lattice mismatch between the
AgNPs and SiNWs,

which: (i) encouraged the charge carriers to diffuse with higher

efficiency, (ii) improved the photocatalysis in aqueous solution, (iii) increased stability, and
(iv) reduced the onset potential (Figure 1.7(B)). The conversion efficiency for this system
reached 2.86%. Similar designs made by Jeong et al. used Si nanocones with
poly(styrenesulfonate) (PEDOT:PSS).72

Figure 1.7: (A) UV−visible absorption spectra of AgNPs/PEDOT/SiNW arrays, PEDOT/
SiNW, AgNP/ SiNW arrays, and AgNPs /SiNW arrays. (B) Current-potential characteristics of
the different photoanodes in the dark and under illumination, collected at a scan rate of 50 mV/s
from −0.5 to +0.5 V (vs SCE). Reproduced with permission from ref. 71 (license granted by
written document).
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In order to be useful in solar water-splitting, CP coatings need to display notable
electrocatalytic properties. Several studies have examined the electrocatalytic capabilities of
PEDOT-based coatings and their application in, for example, gas diffusion electrodes.
Chowdhury and co-workers73 fabricated highly active catalysts that were inexpensive
relative to Pt/C and bifunctional electrocatalysts for oxygen reduction (ORR) and the oxygen
evolution reactions (OER). Their PEDOT-CoMnO4 nanocomposites were prepared by
polymerization of the aqueous micellar dispersion consisting of dodecyl benzene sulfonic acid
(DBSA) as the surfactant, EDOT as the monomer, and CoMn2O4 nanoparticles. The resulting,
dark blue coloured nanocomposites were dropcast directly from alcoholic slurries onto a
rotating disk glassy carbon electrode (GCE), which was air-dried to allow solvent evaporation.
The GCE/PEDOT-CoMn2O4 nanocomposites catalyzed H2 evolution in the higher potential
range. The electrode was immersed in a KOH solution saturated with O2. For LSV
measurements, the non-conducting α-MnO2 and CoMn2O4 spinel was mixed with conductive
carbon powder or acetylene black and Teflon binder to create a well-mixed paste.

Figure 1.8: Voltammetric curves of the OER measured at different rotation rates in the potential
window of 0.5-0.8 V. Electrochemical comparison of CoMn2O4-PEDOT nanocomposites with
CoMn2O4, PEDOT and π-MnO2 as (A) ORR and (B) OER electrocatalysts. Reproduced with
permission from ref. 73 (license no 4466760035499).
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The results revealed that PEDOT-based CoMn2O4 had better ORR catalytic activity
compared to the spinel itself. The catalytic activity of the CoMn2O4 spinel was reduced when
it was mixed mechanically with the acetylene black. However, it displayed better performance
in the form of nanocomposites with the conducting PEDOT polymer (see Figure 1.8(a)).
Figure 1.8(b) shows the activity for the OER reaction, which can be viewed as a reverse
process of the ORR. In 0.1 M KOH, the CoMn2O4-PEDOT nanocomposites displayed higher
OER currents than either free α-MnO2 nanorod or CoMn2O4 nanocrystals. The α-MnO2
nanorod did not show any OER/ORR activity.
Inherently conducting polymers (ICPs) such as PEDOT have also been used to
fabricate electrodes that contain three-phase gas-solid-liquid interfaces. Gore-Tex membranes
are well-known porous, hydrophobic materials that prevent aqueous electrolytes from passing
through it. Its porous structure is however highly permeable to gas. When Gore-Tex is coated
with Au and then with PEDOT: p-toluenesulfonic acid (by VPP), a high surface area gas
diffusion electrode is created. The layer of PEDOT: PTS then lies at the interface of the gas
and the liquid electrolyte phases, where it may catalyze water splitting as shown in Figure 1.9.

Figure 1.9: Left diagram: The synthesis of PEDOT:PTS-coated Goretex-Au for water splitting.
Right diagram: the proposed mechanism for hydrogen production by the PEDOT. Reproduced
with permission from ref. 75 (license no 4466441066917).
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At negative potentials, electrons are injected into the oxidized PEDOT: PTS, generating an
intermediate reduced PEDOT:PTS. The reduced PEDOT:PTS is not stable in the presence of
H+ and therefore readily re-oxidizes by reducing 2H+ to H2.74-75
A significant study wherein PEDOT was used as a “stand-alone”, light–assisted water
oxidation catalyst has been carried out by Chen and co-workers.76 In their investigation,
PEDOT films were deposited on ITO-PET sheets by VPP, with and without the incorporation
of the anionic sulfonated Mn-porphyrin 1 (Figure 1.10). PEDOT without 1 exhibited a bluewhite color while PEDOT-1 displayed a green colour. PEDOT-1 also exhibited large light
absorption peaks between 350-450 nm corresponding to the electronic structure of porphyrin.
Energy-dispersive X-ray spectroscopy (EDX) revealed that the porphyrin in the PEDOT films
was uniformly distributed in a ratio of 1:3 (1 Mn porphyrin: 3 EDOT monomer).

Figure 1.10: Current density plot as a function of applied voltage with and without light illumination
(vs. Ag/AgCl) (scan rate: 5 mV s-1 using aqueous 0.1 M Na2SO4 and pH 7) of: (a) PEDOT and (b)
PEDOT-1. The arrow in (b) shows the earlier onset potential for light assisted water oxidation catalysis
the inset in b shows the structure of PEDOT-1. Reproduced with permission from ref. 76 (license no.
4466450277303).
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Linear sweep voltammograms (LSV) were carried out at a slow scan rate (5 mVs-1) to
study the performance as water oxidation catalysts, of photoanodes based on PEDOT and
PEDOT-1 films in aqueous solutions, with and without light illumination. The results showed
a clear photocurrent associated with O2 formation from water, starting from ca. 0.32 V vs.
Ag/AgCl (0.55 V vs. NHE) (Figure 1.10). This was substantially below the onset potential for
poly(terthiophene)-1 (0.91 V vs. NHE). It was also negative of the theoretical minimum.
Further work investigated light illumination of PEDOT-1/ITO-glass electrode at a
constant potential of 0.70 V vs. Ag/AgCl (0.93 V vs. NHE) in aq. 0.1 M Na 2SO4. The results
indicated an immediate photocurrent under visible light. When the light was switched off, the
photocurrent reduced rapidly. The mechanism for this system was investigated and proposed
to involve light being absorbed by Mn porphyrin 1 with the excited electrons injected into the
PEDOT, which was reduced from the oxidized to the neutral form. The neutral form was then
immediately re-oxidized, where afterwards the hole in the remaining 1+ interacted with an
adjacent, cofacial face to face Mn porphyrin in its clusters leading to the extraction of electrons
from two water molecules to create O2.

1.3.3

Other Examples of PEC Water-Splitting Utilizing Conducting
Polymers

Table 1 in the Appendix of this work provides a comprehensive list of recent research
that has been done for water splitting used PEDOT, PPy and polythiophene (PTh). The role of
the CP in these systems have been highlighted. Other CPs, such as polythiophene and
polyaniline, have been discussed thoroughly in our book chapter entitled: “Application of
Conducting Polymers in Solar Water-Splitting Catalysis in Industrial Applications for
Intelligent Polymers and Coatings” (Mohammed Alsultan, Abbas Ranjbar, Gerhard F.
Swiegers, Gordon G. Wallace, Sivakumar Balakrishnan, and Junhua Huang, Chapter 11 in
Industrial Applications for Intelligent Polymers and Coatings, M. Hosseini, A.S.H. Makhlouf
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(eds.), Springer International Publishing, Switzerland, 2016 (DOI 10.1007/978-3-319-268934_11).

1.4

Applications of Carbon Materials in PEC-Based Water- Splitting

Carbon based materials such as (modified) graphene oxide, graphene itself, carbon
nanotubes and graphite have been widely used in water splitting application. As much of the
following work has studied modified graphene oxide and CNTs, we highlight some of their
interesting properties.

1.4.1

Applications of Graphene /Oxide in PEC Water-Splitting

The unique structure of graphene is attributed to its high transparency (97.7% per layer
reduced to 94.3 % if five layers are applied together) and mechanical strength, inherent
flexibility, large specific surface area (2630 m2g-1), high chemical and electrochemical
stability, high conductivity (106 S cm-1) and room-temperature mobility of charge carriers at
(200000 cm2 V-1 s-1). In addition, graphene can be functionalized at low cost, which makes it
attractive for commercial applications. Therefore, graphene and its derivatives have been
widely investigated in the past several years in a variety of scientific fields, such as energy
storage materials, microelectronic and optoelectronic devices, electrocatalysts, polymer
composites, ultrastrong paper-like materials, graphene based nanomaterials for applications in
the PEC and photocatalytic hydrogen production.77-80
Modified graphene oxide can play a vital role in water splitting, as a photocatalyst for O2
and H2 production.81-82 It can accept and transfer electrons83 as a redox mediator or as redoxmediator factors84 in dye-sensitized solar cells (DSSCs)85 and as a cocatalyst.86 In the last 10
years a significant amount of research was conducted using modified GO for water electrolysis
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or PEC water splitting. Table 2 in the Appendix highlights some of those studies and the roles
of modified GO therein.
Graphene oxide (GO) can be produced by oxidizing graphene through a strong
oxidization reaction involving HNO3, H2SO4 and KMnO4 (modified Hummers’ method). The
resultant GO is considered to be an intermediate state between graphene and graphite. Because
it has sp3 hybridized carbon atoms that obstruct delocalization of π –conjugation electrons in
the graphene system, it is an insulator.87 Tuning of its band gap from an insulating to
conductive state can be achieved by chemical reduction of GO to reduced GO (rGO). The band
gap of rGO depends strongly on the how the GO is oxidized.88 However, some researchers
have reported that rGO has a more negative reduction potential than the H2 reduction potential
and rGO has sufficient ability to generate H2 from solar water splitting.89-90 rGO incorporates
various oxygen-containing functional groups (such as hydroxyl, epoxy, and carboxyl) on both
its basal and edge planes and when recombined with other nanocomposites through various
techniques such as hydrothermal, solvothermal, or photocatalytic methods, the system showed
higher performance toward H2 or O2 production.91-92

1. 4. 2

Carbon Nanotube-Based Water Splitting

Since the discovery of carbon nanotubes (CNTs) in 199193 and the recognition of
spherical molecules composed entirely of carbon atoms in fullerenes, single and multi carbon
nanotubes,94-96 the unique properties of CNTs have been found to include large specific surface
areas (e.g. of 1315 m2 g−1),97-98 high conductivity (up to 5000 S cm−1) and excellent mechanical
properties. 99-101, 98 CNTs have been studied in many applications including solar cells,102-104
water splitting,105-106 fuel cell, 107-108sensors,109-110 optical devices,111 and biomedicine.112
Single and multi-walled CNTs can be formed by folding graphene layers into cylinder
shapes, then capping both ends to form nanotubes. CNTs can have one of the three chiralities:
armchair, zigzag and a chirality that depends on the rolling angle of the graphene sheet. The
type of chirality may have a significant impact on the electrical properties. CNTs are also rich
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with sp2 carbon–carbon chemical bonds which are stronger than sp3 bonds. Thus, CNTs have
excellent mechanical properties.113-115
There are four methods for CNT production including; arc-discharge deposition,
chemical vapour deposition (CVD), laser ablation, and disproportionation of carbon monoxide
at high pressure. CNTs can be functionalized via covalent and non-covalent modifications to
be potentially useful in their specific applications. Covalent modification means that functional
groups can be attached onto the side wall or ends of the carbon nanotube; this modification
mostly results in a disruption of the sp2 carbon hybridization because of σ-bond formation,
while non-covalent modification allows for various interaction adsorptions (e.g. hydrogen
bond, Van der Waals force and π–π stacking interaction).116
CNTs may act as stand-alone electrocatalysts for the OER117-118 and HER119or even as
photoelectrocatalysts for the HER. 120 However, it can play a similar role to that of rGO in
water splitting catalyst systems. For example, hybridization or doping of nano catalytic
materials with CNTs can produce an efficient, durable electrocatalysts with comparable
performance to noble metals such as Pt, Ir, and Ru. 121-125 CNTs and modified graphene oxide
can increase the active surface area of the catalyst, help prevent dissolution during catalysis,
126

improves the conductivity of the cataysts,127 enhance the mobility of both photogenerated

charge carriers (e-, h+), restrict recombination reactions,128 increase electron lifetime during
the photocatalytic operation,129 enhances visible light absorption, and act as a solid-state
electron mediator in Z-scheme systems facilitating water splitting.130

1.5

Transition Metal-Based Catalyst for Water-Splitting

As noted above, transition metals are considered to be alternatives to precious metal
catalysts, especially when they are interfaced with other catalyst materials. Transition metals
can be utilized in nanoparticle, metal oxide or hydroxide forms, as electrocatalyst materials in
acidic, neutral or alkaline media. In some research, their activity has been found to be greater
than the noble metals. Thus, they have been gained significant attention in the last several
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decades and much research has highlighted their potential in composites, for water splitting
catalysis. This work has concentrated on using nano- cobalt oxide and nano- nickel.

1.5.1 Solar and Non-Solar Water-Splitting with Co3O4 and Nickel Catalysts

The cobalt oxides present a well-known class of water oxidation catalysts that do not
require illumination with sunlight in order to operate. One of the most active such catalysts is
Co3O4 in the spinel phase. While such catalysts do not require sunlight illumination per se, it
is often useful to incorporate them and adapt them for use in solar water-splitting because they
provide the resulting device with enhanced catalytic properties. For example, ZnO is a
semiconductor that is relatively useful as in DSSCs, but less useful for solar water–splitting.
Incorporation of Co3O4 on its surface however, allows it to split water under illumination. One
of the best strategies of increasing the catalytic effect of Co3O4, is tuning its nanoparticle size
to provide high surface areas with more active sites during the catalytic reaction.131 For
example, Esswein et al. investigated the loading of Co3O4 nanoparticles that have different
sizes of 5.9 nm, 21.1 nm and 46.9 nm, on Ni foam. They reported that the catalytic surface
area increased by an order of the magnitude when the smallest Co3O4 nanoparticle was used
under the same conditions, showing a lower overpotential of 50 mV at a current density of 10
mA/cm2.132 However, Chou et al. reported that, using the same size of different cobalt oxides
such as Co3O4 and CoO of 10 nm showed very similar activity for water splitting.133 Another
approach to enhance the activity performance of Co3O4 is to produce a more mesoporous
structure by incorporating its nanoparticles with other mesoporous nanomaterials. For
example, Qu et al. prepared highly ordered mesoporous 3D Pd-Co3O4; the results show that
the mesoporous structure had a 1.6-times higher OER activity, stability, and a current density
of 9.2 mA cm−2, than mesoporous Co3O4 electrode alone.134
Further water splitting enhancement activity could be achieved by combining Co3O4
with conductive substrates. Carbon based materials (e.g. CNT, rGO and graphene) have been

24

employed as conductive substrates yielding higher conductivity and larger specific surface
area of catalysis. For example, Co3O4 /rmGO (reduced mildly oxidized graphene oxide)
prepared via hydrothermal reaction, exhibits high bifunctional electrocatalytic activity for the
OER and ORR.135 Co3O4 (NP)/graphene composites fabricated by layer-by-layer assembly
exhibited remarkable electrocatalytic activity toward the OER.136 A Co3O4/SWNTs-loaded
ITO anode prepared via a chemical approach achieved 4-times higher performance than
pristine Co3O4 at same condition. 137 Graphene(G)-Co3O4 was fabricated via an oleic acid
assisted method followed by thermal treatment with the resulting electrocatalyst showing
remarkable stability in both alkaline and neutral electrolytes. In this study it was observed also
that the current density increased rapidly when the electrolyte was changed from neutral to 0.1
M KOH and 1 M KOH.138 Islam et al. fabricated a bifunctional composite for both OER and
HER photocatalysis, comprising of 3D atomic-cobalt(Co)/Co3O4-rGO) composite, via a
chemical and hydrothermal approach, with the electrocatalyst exhibiting comparable activity
to Ru/C and Pt/C for OER and HER.139
Numerous successful applications of PEC water splitting based on Co3O4 catalyst have
been investigated. Peicheng et al deposited a mesoporous TiO2 film on FTO substrate. The
FTO glass was then immersed in an aqueous solution of ruthenium photosensitizer (RuP),
followed by an ethanolic solution of 4-formylbenzoic acid and a methanolic solution of aminofunctionalized Co3O4 respectively. The resulting photocurrent density was enhanced by more
than 8-times over the catalyst without Co3O4.140 Chua et. al.141 fabricated Co3O4/WO3 via sol
gel, spin coating and hydrothermal methods, and the resulting photocurrent was enhanced by
40% with hydrogen evolution improved by 34%. Gupta et al.142 fabricated a Co3O4-rGO
nanocomposite via (γ)-radiolysis technique using alcoholic solution (isopropanol) containing
cobalt ions with and without a suspended GO nanoparticles. The reported results showed that
the hydrogen evolution rate reached 30 μmol h−1 g−1, which means the hydrogen evolution rate
was enhanced by 10-times over pure Co3O4. A Co3O4/BiVO4 photoanode, fabricated via a
drop-casting technique, produced a photocurrent of 2.71 mA/cm2 at 1.23 V vs RHE, which
represents the highest photocurrent thus far reported for Co-catalysed undoped BiVO4 (with
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photo conversion efficiency reaching 0.659%).143 Liu et al.144 fabricated a Co3O4-GaN
photoanode via aerosol deposition of Co3O4 nanoparticles, and directly deposited on GaN
nanowires on FTO glass. The results demonstrated a lower onset potential than GaN and
improved the photocurrent by nearly 2-times after 300 s of operation in 1 M NaOH and 1 V
vs RHE.
Nickel, its oxide and hydroxide have previously proved to be effective co-catalysts in
water splitting applications. Ni-based nanomaterials have gained a growing interest for
different applications, due to its features such as earth abundance, high chemical stability, high
surface area, and its remarkable electrochemical properties.145-146 For water splitting, recent
research has investigated interfaces of Ni (based on the nanoparticle form) with other active
materials, as an electrocatalyst for water splitting. For example, Ai et al.147 fabricated a highly
effective, bifunctional electrocatalyst with excellent stability consisting of Ni (NP)
encapsulated in nitrogen-doped graphene Ni@NC via hydrothermal annealing. A current
density of 10 mA/cm2 was achieved for the OER at 1.6 V vs RHE in 1.0 M KOH and for the
HER at -205 mV. Ai et al.148 fabricated a highly active bifunctional electrocatalyst Ni@G for
both OER and HER prepared via hydrothermal treatment and exhibits similar interesting
results of Xu group.
Recent research reported that Ni based NP as catalyst can interact with semiconductors
to enhance photocatalyst water splitting system. For example, in 2014 Li et al.149 fabricated
Ni/CdS photocatalysts for the HER via chemical reduction of NiCl2 by NaBH4 in the presence
of polyvinylpyrolidone (PVP). The nano-Ni was then loaded onto the surface of CdS
nanoparticles via a photo-induced electron technique. The photocatalyst was found to increase
the H2 evolution rate with an increase of Ni (NP) to a maximum at 2.5 % (mass fraction), when
9050 µmol h-1 g-1 QE of 9.4% at λ = 420 nm were achieved under 300 W Xe lamp. Wang et
al.150 fabricated a similar Ni/CdS photocatalyst in a similar preparation method utilizing
N2H4.H2O as reducing agent for NiCl2 to prepare Ni(NP) and used Cd (NO3)2.4H2O to prepare
CdS. The loading of Ni(NP) was maximized at 4% (mass fraction) to produce a hydrogen
evolution rate of 25.848 mmol/h.g and QE of 26.8% at 420 nm. 200. Cheng et al.151
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introduced a layer of Ni(NP) on SnS2 nanosheet via a hydrothermal method. The resulting
photocatalyst exhibited higher visible light absorption, and its current density doubled to reach
45 µA/cm2 at zero bias vs SCE for oxygen evolution of up to 3.2 mmol. g-1 after 3 h of
operation. Finally, polyvinylpyrrolidone-coated carbon PVP-CQD/Ni(NP) composites were
synthesized via a chemical method.152The resulting photocatalyst exhibited a hydrogen
evolution rate of 330 mmol H2.g-1 under 470 nm light, which was significantly higher than
both CQDs and NiNPs that registered only 68 and 6 μgml−1 respectively.

1.6

Conclusion: Literature Review

CPs have unique properties that make them suitable for solar water-splitting
applications. These properties include: conductivity, permeability to water, low-cost,
environmental non-toxicity, electrochemical stability, useful light absorption, ready
combination with other materials, excellent electron transfer properties, and uncomplicated
preparative methods. This diversity and utility impart CPs with great promise in the catalytic
generation of hydrogen and/or oxygen from water under illumination by sunlight.
Due to properties like high surface area, good dispersion in aqueous media, an
excellent conductivity that enhances electron mobility, easy factionalized with active groups
that boosts overall activity in water splitting, stability and durability in neutral, acidic and
alkaline media, and excellent synergetic effects or interfaces with other materials, carbon
based materials such as rGO and CNT have been extensively researched to develop water
splitting system for both O2 and H2 production.
Co3O4 nanoparticles and Ni (NP) as cheap metals, offer an alternative to precious
metal electrocatalyst materials such as Pt, Pd, IrO2 and RuO2 when interfaced with other active
materials. However, studies of Ni- based nanomaterials and Co3O4 forms for water splitting
are still limited and need more investigation, especially when interfaced with CP, rGO, and
CNTs.
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1. 7

The Aims of this Work: Studies of Thin-Layer Conducting Polymer Composites
as (Photo) Catalytic Interfacial Materials

While the concept of harnessing sunlight to generate hydrogen as an energy carrier, may
seem attractive, one of the major challenges with implementing it is that, at the present time,
most PEC solar water splitting systems are either highly inefficient in their capacity to
catalytically split water, or they are not durable when placed in water and then used for watersplitting. Non-functional, insulating coatings may also be formed.
The problem typically lies at the interface at which the water-splitting catalytic
reaction occurs; for example, the interface between a photoactive semiconductor and the water
that is to split. A key feature of any PEC cell is the interface/s between the different substances
involved. It is here that significant inefficiencies and technical issues frequently arise. What is
typically needed is a thin-film interfacial layer that lies between the photocatalyst and the
aqueous liquid phase. The interfacial layer would then, effectively, connect and mediate the
physical properties of the substrate photocatalyst/catalyst with the liquid water phase.
Interfaces of this type need to be tailored to that task however. They need to maximise the
advantageous properties of the photocatalyst in respect of harnessing illumination by sunlight
and providing a driving force, whilst simultaneously providing a highly efficient, durable
catalyst for splitting the water in the liquid phase into hydrogen or oxygen.
This work aims to study and develop various mixtures of materials that are, or could
be suitable interfaces in water-splitting catalysis. Some of the mixtures will aim to provide a
light-driven or -assisted catalytic effect. Others will seek only a catalytic effect, opting to rely
on the intrinsic light harvesting capabilities of the materials to which the catalytic interface
will be applied. All of the systems to be studied and developed will be of the ‘thin-film’ type
that can be conveniently employed to enhance existing or new solar cells, or electrochemical
cells. The aim is to develop powerful, readily-processable, and easily applied interfacial
materials that could be useful to scientists working in other fields, such as on novel solar cells.
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While a not insignificant amount of work has already been done on the development
and study of catalytic coatings, such as Nocera’s cobalt-phosphate (Co-Pi) materials,153 there
clearly is a lot more that can be done. Most such studies have examined specific
semiconductors with specific catalytic coatings. Few studies have focussed on and considered
the general nature of such interfacial thin-films and how they should be applied in order to
maximally improve upon the performance of PECs involving both inorganic and organic thinfilm coatings.
The most critical feature required in such an interfacial thin-film coating will,
undoubtedly, be electrical conductivity. A secondary feature will be ready processability in a
thin-film form, thereby allowing their application to the widest possible variety of potential
substrates. Preferably, such thin films should be able to be deposited in a uniformly thin layer
that is cohesive, adhesive to the substrate, and robust during operation. A third feature is that
such thin films should act to not only transmit and harness a voltage generated by an
underlying substrate but to maximise the (photo)catalytic effect that can be achieved from such
a voltage. That is, the thin film should, ideally, be capable of amplifying the catalytic effect.
This should occur even under mild reaction conditions, such as at near-neutral pHs at low
applied voltages.
As discussed in the example above, conducting polymers have, in one way or another,
been shown to demonstrate all of these properties. Indeed, conducting polymers are, arguably,
one of the only materials that are potentially capable of meeting all of these requirements.
Moreover, conducting polymers may be infused with nano- or micro-particulate
catalysts and / or conductors to modify and improve their properties in this respect. The
resulting composite thin-films can potentially be made to exhibit synergistically amplified
catalytic performances. That is, they can potentially be formulated so as to accelerate
(photo)catalysis beyond what may normally be expected, including at moderate applied
voltages and under mild pH conditions.
This work will address these challenges. It will investigate thin-layer conducting
polymer composites and how they may be best tailored and applied in order to achieve the
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above objectives. In particular, the work will examine if thin-film conducting polymer
composites can be induced to synergistically amplify water-splitting catalysis itself and, if so,
how they should be applied. This topic is, itself, of fundamental importance in the field of
catalyst immobilization using conducting polymers.

1.8

Scope of this Work: Conducting Polymer Organic-Inorganic Composites as Thin
Film Layers that Synergistically Amplify Catalysis

Many solar cells architectures can be adapted to water-splitting using suitable
catalysts. Rather than focussing on one particular class of solar cell, this study will examine
various conducting polymer composites as inorganic-organic thin films that:

(i)

act as “stand-alone” catalytic water-splitting layers, or solar-driven / assisted
water-splitting layers, when applied as uniformly thin films (<1 mm thick) on
substrates that generate a voltage, whether that be a light-induced voltage or
an electrically-induced voltage; and

(ii)

Synergistically amplify the (photo) catalytic effect by optimizing the contents
of the film itself. If such synergistic amplification can be achieved, studies
will seek to develop methods of applying such thin films that generally bring
about synergistic amplifications.

The following organic and inorganic materials will be examined. The conducting
polymers PEDOT and polypyrrole will be studied as thin film substrates. The technique of
vapour-phase polymerisation will generally be used, as it has been found to reliably provide
uniformly thick layers of high density with strong cohesion and adhesion to substrates. PEDOT
and polypyrrole are generally considered the best conductive polymers due to their
conductivity, permeability to water, low-cost, environmental non-toxicity, electrochemical
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stability, useful light absorption, capacity to be readily combined with other materials,
excellent electron transfer properties, and uncomplicated preparative methods. This diversity
and utility offer great promise in respect of the catalytic generation of hydrogen and/or oxygen
from water with or without illumination by light.
The organic materials that will be incorporated into the thin film conducting polymers
as a conductor (or, at least, a modifier of electrical conduction) will be modified graphene
oxides, including mildly reduced graphene oxide (mrGO), and carbon nanotubes. This choice
has been dictated by the fact that the thin-films will be studied for catalytic oxygen generation.
Oxygen is a highly aggressive product that is known to rapidly oxidise and degrade most
carbon-based conductors. However, mildly reduced graphene oxide (mrGO) is a form of
carbon that has high degree of oxidation and cannot be easily oxidized so that it is therefore
highly resistant to further oxidation. As such, it should not be affected by the production of
oxygen gas. The reduced part - graphene, may enhance: (i) the mobility of photogenerated
electrons and holes, (ii) photocurrent density, (iii) mechanical stability and durability of the
proposed thin films, and (iv) H2 and O2 evolution rates. Carbon nanotubes are also a form of
carbon that appear to be generally impervious to oxidation, albeit for largely kinetic reasons.
The following inorganic materials will be incorporated into the thin film conducting
polymers as catalysts (or modifier of catalytic capability): (i) nanoparticulate nickel (Ni) and
(ii) Co3O4. These choices have been dictated by the need for powerful water-splitting catalysts
that can be readily incorporated into, and interface well with thin film conducting polymers.
Nanoparticulate Ni will, initially, be studied as it is capable of catalysing both water oxidation
and hydrogen reduction. It is also intrinsically conductive in its own right, which may help
amplify the catalytic properties of the thin films. Thereafter, Co 3O4, which is well known to
be an excellent water oxidation catalyst, will be examined. This material is an insulator and
may therefore not be as well suited to the objectives of this work.
The following specific topics will be discussed (Chapters in this thesis):
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(Chapter 3)

Investigate the interfacial catalytic properties of thin-film composites
compincreased of Ni nanoparticles (nano-Ni), PEDOT and mildly reduced
graphene oxide (rGO) in alkaline media for catalytic water oxidation;

(Chapter 4)

Investigate the interfacial catalytic properties of thin-film composites
compincreased of nano-Ni, PEDOT and rGO in acidic media for catalytic
hydrogen evolution from water;

(Chapter 5)

Investigate the interfacial catalytic properties of thin-film composites
compincreased of nano-Ni, polypyrrole (PPy) and rGO in alkaline media for
catalytic water oxidation;
Investigate the interfacial catalytic properties of thin-film composites
compincreased of nano-Ni, PPy and rGO in acidic media for catalytic
hydrogen evolution from water;

(Chapter 6)

Investigate the interfacial catalytic properties of thin-film composites
compincreased of Co3O4, PEDOT, and rGO in alkaline media for catalytic
water oxidation;

(Chapter 7)

Investigate the design of a hydrogel separator for bifunctional electrochemical
and photoelectrochemical water-splitting catalysis based on thin-film
composites compincreased of Ni nanoparticles (nano-Ni), PEDOT and mildly
reduced graphene oxide (rGO)
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Experimental

2.1

Materials

Chemicals and reagents used in this study are listed below:
Reagent Name
Fluorine-doped tin oxide (FTO) slides

Grade/Batch/ Size

Supplier (Company)

100 mm x 100 mm

Zhuhai Kaivo Electronic

x 1.6 mm

Components Co

Glass microscope slides

AkzoNobel

Iron(III) p-toluenesulfonate (Fe(III)-pTS)

Sigma-Aldrich

3,4-ethylenedioxythiophene (EDOT)

Sigma-Aldrich

Graphite flakes (3772)

Asbury Graphite Mills USA

Ni nanoparticles (20 nm)

Skyspring Nanomaterials
Chengdu Organic Chemicals

Multi-walled carbon nanotube (CNT)
Co3O4 nanoparticles

Co. Ltd
25 nm

Skyspring Nanomaterials

Pyrrole (py)

Sigma Aldrich

Ethanol

Chem-Supply Pty Ltd

Acetone

Chem-Supply Pty Ltd

KOH (90% flakes)

Reagent grade

Sigma-Aldrich

HCl 36% (w/v) solution in water

Analytical grade

Univar

Sodium Sulfate (Na2SO4) anhydrous

Sigma-Aldrich

Sulfuric acid, 98 % conc. and 0.05 M

VS Chem House

Potassium chloride (KCl)

Sigma-Aldrich

Epoxy Glue Araldite

Part a) 100 ml
epoxy resin liquid
Part b) 80 ml
alphatic amines

Selleys Dulux Group Pty Ltd

Copper (Cu) wires
Hydrogen peroxide (H2O2), 30% (w/v)

Sigma-Aldrich

Potassium permanganate (KMnO4)

Sigma-Aldrich

Table 2.1: The chemicals and reagents used in this study
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2.2

Characterization Techniques and Materials

2.2.1 Characterization Techniques

Physical characterization and testing included a variety of techniques were utilized,
including measuring thickness, conductivity, UV-Visible Spectroscopy, X-ray powder
diffraction (XRD), X-Ray Photoelectron spectroscopy (XPS), Transmission electron
microscopy (TEM), Scanning electron microscopy (SEM) and Energy dispersive X-Ray
spectroscopy (EDX), Transmission electron microscopy (TEM), sputter coating, UV
Centrifugation, pH measurement, Gas Chromatography, and Elemental analysis.

2.2.1.1

Thickness and Conductivity of Films

Thickness measurements were made using a Vccco Dektak 150 profilometer (Figure
2.1 and inset). In order to determine the film’s thickness, a small line of the film (deposited
on normal glass) was removed gently and completely with a thin wood stick to form a valley
shape on the glass surface (see Figure 2.1(b) inset)). The software parameters of the
profilometer program were set (Figure 2.1(c) inset)). Figure 2.1(d) inset depicts the data
recorded via the tip of profilometer scan while Figure 2.1(e) refers to the data of film surface
region and the zig- zag shape in it attributed to the film’s surface. Figure 2.1(f) shows the glass
surface region without film materials because it was removed via the wood stick. The
difference between (e) and (f) represents the film’s thickness. The film’s thickness was
scanned four times, and the average of these readings taken as film’s thickness.
The film resistance was measured with a JANDEL RM3 four point probe (Jandel
Engineering Ltd, UK) (Figure 2.2(a)). The principle of the four point probe is illustrated in
Figure 2.2(b): the outer pair of point probes supply a current while the two inner pair measure
the voltage. The electrical resistivity 𝜌 can be calculated with the formula:
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Figure 2.1: (a) Vccco Dektak 150 profilometer, (b) Sample surface on glass that has line removed
from the film material (film has valley shape), (c) Software parameters of the profilometer’s
program, (d) Data recorded via the profilometer’s tip, (e) Surface thickness with film and (f) Surface
thickness without film material (control reference).

𝑉

… (2.1)

𝜌 = 𝐾 (𝐼 ) ∗ 𝑡

where K is a geometric factor equal to 4.5324 while V is the electric potential across the two
inner probes, I is the applied current, and 𝑡 is the sheet thickness. The electrical conductivity
(S/cm) of the films samples was calculated using the equation 𝜎 = 1/𝜌. Both FWD and REV
measurements of the film’s resistivity were made. FWD refers to the forward direction of
current input (in relation to the voltage reading probes) while REV refers to the reverse
direction of the current. If FWD and REV resistivity readings were similar, this means the
resistance of the film is more stable.1
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(b)

(a)

Figure 2.2: (a) JANDEL RM3 four point probe, (b) diagram illustrating four probe
operation.
2.2.1.2

UV-Visible Spectroscopy

Films were deposited on a glass slide (not FTO glass films) and their UV-Visible
spectra recorded with a UV-1800 SHIMADZU2 in range 400 nm-800 nm (Figure 2.3).

Figure 2.3: UV-Visible spectroscopy UV-1800 SHIMADZU

49

2.2.1.3 X-ray Powder Diffraction (XRD)

X-ray powder diffraction (XRD) is a qualitative technique which can be used to
identify the phase type of a crystalline material. Briefly, when the surface of the material is
exposed to monochromatic X-ray beam, the incident light will be diffracted by the electron
clouds that sit around the atoms causing portion of the incident beam light to scatter/diffract.2
The diffraction beam undergoes constructive and destructive interfaces. However, the
constructive interfaces occurred when conditions satisfy Bragg's Law (nλ=2d sin θ). The
diffraction direction beam depends on the size and shape of the unit cell of material, while the
intensity of the diffracted beam depends on both the type and atom arrangement in the crystal
structure. The direction of the beam angle is 2θ compared to incident beam angle that has only
θ as can be seen see Figure 2.4(a). XRD is considered to offer a fast analytical technique used
to determine the phase identification of a crystalline material and provide information on unit
cell dimensins.3 XRD was carried using (if needed) using a GBC Mini-Materials Analyzer
(MMA) X-ray powder diffraction (XRD) (λ=1.54 Å). The supplied voltage and current kept
at -40 kV and 25 mA respectively.

(b)
(a)

Figure 2.4: (a) Scheme illustrating x-Ray diffraction, (b) X-ray diffraction machine type GBC
MMA XRD (λ=1.54 Å).
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2.2.1.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS is a quantitative spectroscopic technique. The spectrum is collected via
irradiation of the sample with an X-Ray beam (see Figure 2.5(a)). The energy emitted by the
electrons describes their nature. XPS experiments carried out on PHI660 using a
monochromatic Mg Kα X-ray as a beam source.3

Figure 2.5: Schematic showing the operation of XPS.

2.2.1.5

Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscopy (EDX).

A Jeol 7500 field emission scanning electron microscope 4-5 was utilized to study the
surface morphology of film samples (Figure 2.6). SEM settings included: accelerating voltage
of 5 kV; emission current of 10 µA; probe current of 8 mA and working distance of 8 mm. In
addition, the sample were coated with 7 nm Pt via sputter coating to increase SEM signals. 6
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For EDX setting were changed to an accelerating voltage of 15 kV; emission current of 20
µA; probe current of 14 mA and working distance of 10 mm.

Figure 2.6: Jeol 7500 field emission scanned electron microscope utilized in the
study.
2.2.1.6

Transmission Electron Microscopy (TEM)

In TEM technique, the sample has to be ultrathin (less than 100 nm thick) or a
suspension on a grid. When the beam of electrons passes through the sample surface, the
electrons will interact with the sample resulting in signals that form TEM images. These
images can be magnified and focused onto an imaging device with higher resolution than light
microscopy, obtaining fine details about the material even if as small as a single column of
atoms. Typically, the sample’s powder was collected from the glass substrate to gain a
reasonable amount of the sample, with the sample then sonicated with 3 ml of ethanol. A drop
of that suspension was dropcast on a TEM grid and imaged. TEM model JEOL JEM-2010
was used.7

52

Figure 2.7: TEM model JEOL JEM-2010 used.

2.2.1.7

Sputter-Coating

Platinum (Pt) sputter coating was performed with an EDWARDS FTM6 Auto 306
(Figure 2.7).

Figure 2.8: EDWARDS FTM6 Auto 306 sputter coater.
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2.2.1. 8

UV Ozone and Plasma Cleaners

During preparation of fabricated electrodes, all FTO substrates underwent ozone
cleaning for 20 min using PSD Pro SERIES Digital UV Ozone System. 8 A PDC plasma
cleaner was used for plasma cleaning.

(a)

(b)

(b)

Figure 2.9: (a) PSD Pro SERIES Digital UV Ozone System; (b) PDC plasma cleaner.

2.2.1.9

Sonication

Sonication was carried out using a B2500R-MTH sonicator.

Figure 2.10: B2500R-MTH sonicator.
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2.2.1.10

Centrifugation

Centrifugation was used in preparing graphene oxide with an Eppendorf centrifuge
5702 (Figure 2.11).

Figure 2.11: Eppendorf 5702 centrifuge used in this study.

2.2.1.11

pH Measurements

A pH meter was used measure the concentration of H+ in water-based solutions. A
variety of buffer solutions for both acidic and alkaline media provided via Ajax Pty Ltd were
used to calibrate pH meter.

a)

b)

b)

a)

(a)

(b)

a) Figure 2.12: (a) OAKTON pH/Conductivity/TDS/°C/°F meter, (b) variety of buffer solutions
for both acidic and alkaline media provided by Ajax Pty Ltd.
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2.2.1.12

Photoelectrochemical Cell and Light Source

A fully-enclosed quartz cell (5 x 5 x 5 cm) was placed inside a closed cabinet that
comprised a Faraday cage. A Pt mesh (1 x 2 cm) was used as the counter electrode (CE). A
BASi Ag/AgCl aqueous salt bridge (KCl, 3 M) served as reference electrode (RE) while the
prepared sample coated on FTO, were used as working electrode (WE). For an OER system,
0.2 M Na2SO4 aqueous solution was used, adjusted to pH as required by adding NaOH. The
electrolyte for HER was 0.2 M Na2SO4 aqueous solution adjusted to pH by adding dilute 0.05
M H2SO4. In some experiments, a 0.05 M H2SO4 was used as an electrolyte (without Na2SO4
solution). The electrolyte was bubbled with N2 gas for 30 min before each experiment and
maintained under an N2 atmosphere during the experiments. In experimental work, the
photoelectrochemical cell was tested with linear sweep voltammetry (LSV), cyclic
voltammetry (CV), chronoamperograms and EIS. The testing was carried out with and without
light illumination from a SoLux daylight MR16 halogen light bulb (ca. 0.25 sun intensity). A
Thorlabs visible-light bandpass filter (315-710 nm) was placed 1.5 cm in front of the light
source. The bandpass filter removed any heat (infra-red wavelengths) generated by the light
source (see Figure 2.13).

(a)

(b)

Figure 2.13: Setup of photoelectrochemical cell (a) before running the experiment and (b) while
running experiment when the light was switched on.
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2.2.1.13

Gas Chromatography

High performing samples on FTO glass were subjected to photocurrent testing with
simultaneous gas analysis, using a custom-built apparatus. The apparatus, which is depicted
in Figure 2.14, comprised of a fully-enclosed electrochemical cell containing two sealed, halfcells whose electrolytes were separated only by a Nafion 117 proton exchange membrane (5
x 4 cm). The one half cell contained the working electrode sample and the Ag/AgCl reference
electrode. The other half-cell contained the Pt mesh counter electrode. One wall of the former
half-cell was a quartz sheet. Illuminating light was passed through the above visible-light
bandpass filter then through the quartz sheet wall onto the working electrode (Figure 2.14(l)).
The electrodes were connected to a CHI potentiostat. The gas outlets for the working
and counter electrode half -cells were connected with gas-tight polymer and stainless steel
tubing to sample loops connected to a dedicated Shimadzu GC-8A gas chromatograph (Figure
2.14).
After fitting the electrodes, both half cells were filled with electrolyte. The electrolyte
in each half-cell was then separately purged with Ar gas overnight to remove all air inside the
cell (without a voltage or light-illumination being applied to the cell). Thereafter, the Ar
passing through each half cell was sampled, injected and analysed using the attached gas
chromatograph, with the results plotted over 30 min of elution time.
The analyses verified that there was no gas other than Ar detected in the gas streams
passing through each half-cell. The Ar gas, which was continuously bubbled through the
electrolyte throughout the photocurrent experiment, acted as a carrier gas for the connected
GC.
In the case of OER tests, a voltage bias of 0.8 V (vs. Ag/AgCl) was applied and, in
case of HER tests a voltage bias of -0.75 V (vs. Ag/AgCl) was applied, with and without lightillumination to the cell, whereafter the carrier gas was tested as described above, for
electrocatalysis product gases using the GC. The identities of the gases in the carrier Ar were
determined by their retention times. Their relative proportions were determined by integrating
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the area under their respective peaks. GC testing of this type, after illumination and biasing,
provided a well-founded estimate of the proportions of gases produced by the films. The GC
was equipped with a 6-foot Molecular Sieve 5 Å column connected with a thermal
conductivity detector (TCD). The column was kept at 90°C while the detector was at 100°C.

2.2.1.14

Elemental Analysis

Elemental analysis of films was determined by the Campbell Microanalytical
laboratory at the University of Otago, New Zealand. We collected the required amount of the
optimized film, then it was sent to Microanalytical laboratory to determine % (w/w) of film’s
elemental contents.

(b)

(a)

(a)

(b)
(b)

(d)

(c)
(c)

(d)

Figure 2.14 (Initial): (a) and (c) Computer-drawn image of the GC Cell. (b), (d),

Photographs of the GC Cell prior to fitting the quartz windows. Figure continued
overleaf
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(e)

(f)

(g)

(h)

(g)

(g)

(l)
(k)

(k)

Figure 2.14 (Continued) (e) Computer-drawn image of the GC Cell (g) Photograph of the
(l)
GC cell during the experiments, (h) Shimadzu GC-8A Gas Chromatograph used in this study,

(l)

(l)

(k) the detector recording the GC signals, (l) Photograph of the GC cell during the
experiments with light illumination.
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2.2.2

Electrochemical Analysis Techniques

Electrochemical Analysis Techniques included cyclic voltammetry (CV), linear
sweep voltammetry (LSV), Electrochemical Impedance Spectroscopy (EIS).

2.2.2.1 Cyclic voltammetry (CV) and linear sweep voltammetry (LSV)

Cyclic Voltammetry (CV) is a potentiodynamic electrochemical technique. The
potential on the working electrode is swept forward and backward between two pre-set
potential values. CV provides a rapid, simple and powerful technique to investigate
electrochemical behavior. Figure 2.15(a) shows a CV waveform. The working electrode’s
potential is controlled relative to the reference electrode, producing a waveform signal. The
(negative scan starts from greater potential (a) and ends at a lower potential (d). The potential
at (d) is known as the “switching potential”, which represents the potential value sufficient to
cause oxidation or reduction of an analyte. After the point (d) the positive scan scan starts
from (d) and goes to (g). Reduction occurs from (a) to (d) while oxidation occurs from (d) to
(g). In some cases it is important that the working electrode is first has been scanned negative
and then positive scan. The cycle can be repeated to determine the stability of the working
electrode film.
Figure 2.15(b) shows the cyclic voltammogram from a single electron reduction and
oxidation. The current that reported due to the negative scan, is known as the “cathodic
current” (ipc); the corresponding potential peak at (c) when the working film is reduced is
called the cathodic peak potential (Epc). After the potential is switched at (d), the positive scan
occurs, with the resulting current known as anodic current (Ipa); the corresponding potential
peak at (f) is called the anodic peak potential (Epa) when the film starts to oxidize.9
Linear sweep voltammetry (LSV) is similar to the CV technique but measures the
current on the working electrode by sweeping the voltage in either the negative or positive
direction only; it can be considered to be half of a CV.10
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(b)

(a)

Figure 2.15: (a) CV excitation signal, (b) cyclic voltammogram of a reversible single electron
oxidation-reduction couple. ref. 9

In this work, a potential was supplied between the working electrode and the reference
electrode. The resulting current was measured between the working electrode and the counter
electrode. The rate of change of the voltage over the time is called the “scan rate” (V/s). Each
prepared thin film on FTO was tested as the working electrode, while a Pt mesh (1 x 2 cm)
was used as the counter electrode. A BASi Ag/AgCl aqueous salt bridge (KCl, 3 M) served as
reference electrode. For CV and LSV studies an EDAQ Potentiostat e-corder 466 potentiostat
connected to a computer that had eDaq EChem software version v2.1.12, were utilized (see
2.16(a)-(b)).

2.2.2.2

Chronoamperometric Studies

Chronoamperometry is an electrochemical technique in which the working electrode
produces a current as a result of applying a potential. This current is monitored as a function
of time.
In the experimental work, chronoamperometry was one of most useful technique to
examine both the stability, durability and reproducibility of the prepared films in PEC
experiments, with and without light illumination (see, for example, Figure 2.16(c)). Using
chronoamperometry, a comparison in current density could be readily made between different
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films, tested as the working electrode. Figure 16(c) shows an example of a sample
photocurrent with light illumination (depicted as starting at *) and without light illumination
(starting at #).

(a)

(b)

(a)

(c)

Figure 2.16: (a) eDaq 466 Potentiostat e-corder 466; (b) eDaq equipped with faraday cage
cabinet and computer with eDaq EChem software version v 2.1.12. (c) shows an example of a
photocurrent where * signifies that the light was switched on and # signifies that the light was
switched off.
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2.2.2.3 Electrochemical Impedance Spectroscopy (EIS)

EIS involves applying a small alternating current (AC) to probe the impedance
characteristics of a photoelectrochemical cell. The AC signal is scanned through a wide range
of frequencies, resulting in an EIS spectrum, that can be useful to study capacitive, resistive
and diffusion processes that could be occurred in the photoelectrochemical cell.11
EIS is often measured via an excitation signal producing a pseudo-linear system when
the current respond to sinusoidal potential at the same frequency but shifted in phase (Figure
2.17). The equations 2.1 and 2.2 describe the sinusoidal response of the system:

a)

𝑍 = 𝑍0 cos(𝜔𝑡−𝜑)

cos(𝜔𝑡)

… (2.2)

𝑍 = 𝑍0 (cos 𝜑 + 𝑗 sin 𝜑)

… (2.3)

Z represents the resistance according to Ohm’s law and it has a real part according to
the equation (𝑍 = 𝑍0 cos 𝜑) and an imaginary Z part according to (𝑍 = 𝑍0 sin 𝜑 𝑗). When
real and imaginary Z parts are plotted on the X-axis and Y-axis of a chart, one obtains a
“Nyquist Plot”. Each point on the Nyquist Plot represents the impedance frequency at a
specific frequency. The left-hand side of a “Nyquist Plot” represent the high frequency area
while the right-hand side of the plot attributed to the low frequency (Figure 2.18).
On a Nyquist Plot the vector (arrow) of the length |Z| represents the impedance as a
vector (arrow) of length |Z| while the angle between |Z| and X-axis is commonly called “phase
angle” is φ (=arg Z).12
Referring to Figure 2.18: the arc semicircle in a Nyquist Plot is characteristic of a
single “time constant”. This constant is a physical value that describes the interface of the
electrochemical reaction (electrolye-catalyst-gas). The behaviour of this impedance interface
can be fitted to an equivalent electric circuit (EEC) consisting of a resistance and a capacitor
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as depicted in Figure 2.19. EIS plots often have several arc semicircles but only a portion of
a semicircle can appear from each of these arcs. Thus, in order to obtain comprehensive EEC,
for a complete impedance spectrum, several time constants required to be combined in series.

Figure 2.17: The application of a sinusoidal voltage (top) generates a sinusoidal
current response (bottom), showing a phase shift.12.

−

=0
|Z|

=𝑖

.

=0
arg Z

Figure 2.18: Nyquist plot with impedance vector. Reproduced with
permission from.12
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Nyquist plots do not provide any information about the frequency, so another popular
presentation method is employed called “Bode plot” depicted in Figure 2.20. Here the
impedance, represented by (ǀZǀ = Z0), is plotted against the log of the frequency on the X-axis.
A Bode plot may provide both the absolute values of the impedance (ǀZǀ = Z0) and the phaseshift on the Y-axis.

Capacitor (C)

Resistor (R)
Figure 2.19: Simple equivalent electric circuit with one time constant represented as a
resistor (R) in parallel with a capacitor (C) 12.

log Z

900

0

−900

Figure 2.20: Bode plot with one time constant.12
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Figure 2.20 represents the Bode plot of a single time constant like that shown in an
EEC in Figure 2.19. As can be seen in Figure 2.20, impedance sits at a constant magnitude at
low frequencies, with the current passing almost completely through the resistor, so that the
phase angle sits at 0o. In contrast, at higher frequencies, the current has to be divided in order
to pass through the capacitor. In the resistor, the flow of current is proportional to the
magnitude of voltage, while in the capacitor, the flow of current is proportional to the voltage
gradient, introducing a phase shift between voltage and current, as can be seen in Figure 2.17.
In a pure capacitor, the current is 90o out of phase with the voltage thereby forcing the phase
angle to shift towards -90o in the Bode plot at lower frequencies.12
Typically in our experiments, EEC was also performed to include several
combinations of ohmic resistances (RΩ) and interfacial charge transfer (can be represented by
both charge transfer resistance (Rct) and capacitance that can be expressed as double layer
capacitance (Cct) and a constant phase element (CPE), including QCPE,ct, nCPE,ct, and CCPE,ct).13
RΩ can be determined by the total contributions from contact resistances and the ohmic
resistance of the cell contents such as the electrolyte (related to electrolyte ionic resistivity)
and/or electrodes. The Rct parameter expresses the kinetics of the electrochemical reactions at
the interfaces of three phase (electrolyte-catalyst-gas evolution). Cct represents the capacitive
nature of the interfaces of these three phases and charge separation between ions and electrons
through the interface. However, in practical work, a CPE can be used. The CPE is generally
believed to originate from a distribution in the current density along the electrode surface as a
result of surface inhomogeneity.14 This can be inferred from the analogy with the behaviour
of porous electrodes (and other electrodes with intentional inhomogeneity).14 A CPE can also
be used instead of a pure Cct in order to improve fitting of experimental data. CPE model
behaviour can mainly be attributed to surface roughness, inhomogeneity, and porosity,
reactivity, potential and current distributions that related to electrode geometry. QCPE
represents CPE in which the constant Q has the dimensions Ω cm2 s-(1-α) (where the α parameter
is attributed to nCPE,ct and has a value in the range (0< nCPE,ct≤1) related to the rotation angle in
Figure 2.18. CCPE,Ct represents capacitive nature of CPE.14
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The data modelled with a CPE can be used to calculate the double layer capacitance
(Cct) via the Brug equation (equ. 2.4) for time constants normal distribution of electrode
elements.14

𝑄 −1 = 𝐶01−𝛼 [

−1
Ω

+

−1 𝛼
𝑐𝑡 ]

… (2.4)

where, Q is attributed to QCPE,ct,, α attributed to nCPE,ct and its value in range (0< nCPE,ct≤1),
while C0 attributed to CCPE,ct in this research.13
In this study (EIS) a SP-300 Biologic Science Instruments was used to perform EIS
studies, which were conducted potentiostatically at the experiment conditions employed, with
frequencies between 0.1 Hz and 150 KHz applied for OER experiments and frequencies
between 10 Hz to 200 KHz for HER experiments. EC-Lab V10.44 and Z-View 3.5C software
were used for EIS analysis, spectrum and fitting.

Figure 2.21: EIS machine model SP-300 Biologic Science Instruments
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2.2.2.4 Tafel Plots and Exchange Current Densities

A Tafel plot compares the rate of an electrochemical reaction (plotted on a logarithmic or
natural logarithmic axis) to the overpotential.15 The Tafel equation is shown in equ. (2.5):

𝜂 =𝐴𝑙

𝑗

…(2.5)

(𝑗 )
0

where 𝜂 is the overpotential, A is the Tafel slope, and 𝑗 and 𝑗0 represent the current density
and exchange current density (in A/m2 ), respectively.
Theoretically, the Tafel slope can also be represented by equation (2.6) when the
reaction mechanism involves the transfer of a single electron:15

𝑘𝑇

… (2.6)

𝐴 = 𝑒𝛼

where k is represents the Boltzmann constant, T is the absolute temperature (in K), e is the
elementary charge and α is the "charge transfer coefficient", the value of which must be
between 0 and 1. The exchange current density (io) is determined from the intercept of the plot
with the y-axis (converted to a normal number).
In order to calculate the Tafel slope of the oxygen evolution reaction (OER) at pH 12,
the theoretical minimum E at pH 12 has to be calculated via equation (1.3)

… (1.3)

E = Eo -0.0591(𝑝𝐻)
E = 1.23 − 0.0591(𝑝𝐻)

where 1.23 V is the Eo for water oxidation at standard conditions of temperature and pressure
(STP) according to equation (1.1). The theoretical minimum E for water oxidation at pH 12
is therefore 0.52 V vs SHE.
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As the Ag/AgCl reference electrode has a potential of 0.23 V vs SHE, the theoretical
minimum E vs Ag/AgCl for water oxidation is:

0.52 - 0.23 = 0.29 V vs Ag/AgCl

In experimental work on the OER, the working electrode was scanned slowly via LSV
(0.2 mV/sec) in the range (0.29 - 0.80) V vs Ag/AgCl. The overpotential (𝜂) was calculated
by subtracting 0.29 V from the voltage obtained via the LSV scan. Thereafter, Tafel plots were
constructed by plotting the overpotential (𝜂) on the y-axis vs the natural logarithm (ln) of the
current density on the x- axis. From such plots, the Tafel slope and exchange current density
were determined, as shown in Figure 2.22.

Figure 2.22: Schematic of a Tafel plot showing how the Tafel slope and the
exchange current density (io) are determined.
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In the case of studies involving the HER in acidic conditions, E° is equal to 0 V according
to equation (1.6). Thus,

E = 0-0.0591 pH

Since the electrolyte was adjusted to pH 1,

E = - 0.0591 vs SHE

Because the Ag/AgCl reference electrode has a potential of 0.23 V vs SHE, E vs Ag/AgCl
will be

E = -0.0591-0.23
𝐸 = -0.2891 V

The seclected film was made the working electrode in a PEC cell and scanned slowly
via LSV as described above (in the range of -0.289 to -0.75 V vs Ag/AgCl). The Tafel slope
and exchange current density were determined by a similar method to that described above.
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2.3 Preparation Methods

2.3.1 GO Synthesis
In order to prepare fully oxidized graphite, dry graphite flakes were first thermally
treated at 700 °C in a vertical tube furnace under N2 atmosphere. The resulting expanded
graphite (EG) was used as a precursor for GO synthesis, following previously described
methods.16-20 Briefly, 1 g of EG and 200 mL of concentrated H2SO4 were mixed and stirred in
a flask for 24 h at room temperature. KMnO4 (5 g) was then added slowly to the mixture. The
reaction vessel was placed in an ice bath and 200 mL of DI water containing 50 mL of 30%
H2O2 were poured slowly into the mixture. The suspension changed colour to light brown.
After stirring for another 30 min, the resulting GO particles were washed and centrifuged with
HCl solution (9:1 water: c.HCl by volume), then centrifuged again and washed with DI water
until the pH of the solution became 3 - 4. The resultant GO sheets were dispersed in deionized
water by gentle shaking. Then, a GO dispersion in ethanol was prepared by extracting the
water from the parent aqueous GO dispersion by repeated centrifugation-washing steps (6
times, for 10 - 30 min each, at 11000 rpm).21 The parent aqueous GO (15 mL) (~2.5 mg ml-1)
was poured into a 50 ml centrifuge tube (Nalgene), to which 20 ml ethanol was added,
followed by vigorous mixing using a vortex shaker. After each centrifuging, 30 ml of the
supernatant was poured off and replaced with 30 ml of ethanol and then mixed vigorously by
vortex shaking. This process was repeated a further 5 times to replace the water with ethanol.
Finally, the dispersion was sonicated in a bath sonicator for 1 h before being centrifuged again
to make a high concentration dispersion (~30 mg/ml GO).

71

2.3.2 Preparation of Electrodes

2.3.2.1

Preparation of PEDOT, PEDOT/nano-Ni, PEDOT/nano-Ni/rGO on
FTO-coated glass slides (Chapter 3, Chapter 4)

Uncoated glass and FTO-coated glass slides were immersed in acetone within a Thin
Layer Chromatography Chamber (TLCC). The baths with the immersed slides were sonicated
for 90 min, whereafter the slides were washed with water and dried by blowing air over them.
The FTO and uncoated glass slides were then labelled. All slides were thereafter treated in a
digital ozone-UV cleaner for 20 min. The slides were then cleaned in a plasma cleaner in order
to obtain hydrophilic surfaces with which to fix the coated chemical solutions during spincoating. The FTO and glass substrates were heated to dryness on an IKA® RCT basic hotplate
at 60°C.
To prepare the PEDOT, PEDOT/nano-Ni, and PEDOT/nano-Ni/rGO films on FTO
glass slides, the following procedure was used (nano-Ni = nanoparticulate Ni). Where
applicable, a GO ethanol solution (e.g. 0.2 ml) was transferred to a small glass vial and the
volume increased to 1.2 ml by adding absolute ethanol. The solution was sonicated for 10 min
and then stirred with a magnetic stirrer for 7-8 min. Where applicable, nano-Ni (e.g. 125 mg)
was added gradually with magnetic stirring continuing for 2.5 h thereafter. A solution of
dissolved iron(III) p-toluenesulfonate hexahydrate [Fe(III)-PTS] (100 mg) in 0.15 ml ethanol
was then added to the mixture(in this case the amount of effective Fe is equal to 10 mg ). The
resulting solution (100 µL) was dropcast onto the slide surface using a micropipette. The slides
were then spun at 2000 revolutions per min (rpm) for 180 s. After spin-coating, the sample
was quickly transferred to a hotplate, where it was dried at 60 oC for 15 min.
Vapour phase polymerisation was carried out in a separate conical flask (500 mL
capacity), equipped with a rubber stopper containing a crocodile clip suspended above the
bottom of the flask. EDOT (0.450 mL) was placed in the flask and the dried, spin-coated FTO
or uncoated glass substrates were held above the EDOT solution by the crocodile clip, with
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the stopper in place. The stoppered conical flask was then placed in an oven at 60 oC for 60
min, during which time the EDOT vapour polymerised into PEDOT polymer on the slide
surface. After polymerisation was complete, the sample was removed, washed very
thoroughly with ethanol, and then left to dry overnight.
The resulting dried FTO-coated samples were converted to usable electrodes by
attaching a copper wire to the FTO surface with conductive silver paint and epoxy resin. When
the silver paste was fully solidified, epoxy glue was used to cover the contact area of the wire
as well as any exposed clean FTO glass surface.
Immediately prior to testing as a (photo) electrocatalyst, the GO present in all films was
reduced electrochemically to rGO using cyclic voltammetry (performed in 0.2 M Na2SO4 (pH
12); 8-10 cycles between -1.2 V and 0.8 V, vs. Ag/AgCl, at 50 mV/s scan speed) for OER and
in case of HER study

2.3.2.2

Preparation of PPy, PPy/nano-Ni, PPy/rGO PPy/nano-Ni/rGO,
Ni/rGO, PEDOT/nano-Co3O4, PEDOT/nano-Co3O4 / rGO, Co3O4/rGO,
PEDOT/ CNT, Co3O4 /CNT, PEDOT/nano-Co3O4/CNT, FTO-coated
and microscopic glass slides (Chapter 5, Chapter 6)

The methodology of preparing these electrodes was the same as that in the experimental part
section (2.3.2 preparation of Electrodes), including spin revolutions per min (rpm) speed and
the time of vapour phase polymerization taking into considerations only the following points
only
(1) The required amount of the catalyst that will be either Ni or Co3O4 ,
(2) The amount of GO or CNT in polymerisation solution,
More details will discussed in their chapters
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2.3.3

Synthesis of Poly(acrylamide) Hydrogel (Chapter 7)

Acrylamide monomer (99.9%), N,N′-methylenebis(acrylamide), sodium chloride
(≥99.9%) and lithium chloride (≥99.9%) and α-ketoglutaric acid were purchased from Sigma
Aldrich, Australia. Poly(acrylamide) hydrogel-forming solution was synthesized by adding
20% (w/v) using Milli-Q water at room temperature (21 oC). Acrylamide monomer powder
was added to yield a 2 M acrylamide concentration. Then, 470µl of 2% w/v of N,Nmethylenbis(acrylamide) and 0.014 (w/v) of α-ketoglutaric acid were added as cross-linking
co-polymer and photoinitiator, respectively. The gel solution was stirred and degassed in a
vacuum desiccator for 20 min under 0.1 bar pressure, at room temperature. The acrylamide
solution was poured into a U-shaped glass tube (diameter = 20 mm, length 130 mm). Solutions
were cross-linked using a Dymax BlueWave 75 Rev 2.0 UV Light at 1.15 W/cm2 intensity.

2.4

Poly(acrylamide) Hydrogel Characterizations

For mechanical tensile testing, solutions were poured into a 15 cm x 15 cm box, cured
and cut into “dog-bone” shapes (conforming to JIS – K625060). Compression testing was
carried out on gels which were cast and cured in a cylindrical mould (diameter = 18 mm,
height = 10 mm). For electrical characterization, hydrogel samples (height = 6 mm, width = 5
mm) of varying length between 5 mm and 25 mm were cast in plastic moulds with reticulated
vitreous carbon foam (RVC, ERG Aerospace, 20 pores per inch) at each end. The water loss
percentage of the various polyacrylamide (PAAm) hydrogels was evaluated using equation
2.8. Masses were recorded using a digital lab balance.

Wat r loss % =

Mass of hydrogel − Starting mass of hydrogel
Starting mass of hydrogel
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x 100

… (2.8)

The hydrogel electrical conductivity has been characterized by recording the electrical
impedance for frequencies between 1Hz and 100 kHz using a custom-designed setup, as
described in previous studies.22-23

2.5 Experimental Work Protocol

Figure 2.22 illustrates how the research was carried out. The first step of each catalytic
study was to systematically increase the performance of the composite film that applied as
working electrode. CV and chronoamperometry was used to compare the different films.
Having identified the optimum film, in second stage, we studied the performance of the
optimum film. This included gas chromatography, as well as extensive characterisation
involving EA, XRD, XPS, SEM, TEM (if needed), EIS spectroscopy and determination of the
thickness and conductivity of the film, along with other controls film (to thereby highlight the
interesting chemical and physical properties of the optimum thin film).
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Catalyst system for
either OER or HER



Performed CV and LCV, and
chronoamperometric study (sometimes at
different pH and bias)
Optimized the performance of film by
varying the ratio of catalyst.
Find the best performing film that
produced the biggest photocurrent
response.



Prepare
sample has
both CP and
Catalyst


















Performed CV and LCV, and
chronoamperometric study at optimized
condition for pH and bias.
Optimized the performance of film at this
stage by varying the ratio of GO or CNT.
Find the best performing film that produced
the biggest photocurrent response.
Characterisation of the conductivity and the
thickness of the film including control film
for comparison

Gas analysis by gas chromatography of the
gases produced by the optimized film.
XRD for the film and also for other control
films.
XPS study of the optimized film.
SEM and TEM if required.
EIS study of the optimized film and other
control films; also compared with bare Pt
as an independent comparison.
Elemental analysis of the optimized film.
Conductivity and thickness of the
optimized film and other control films.




Discuss the result and find
conclusion for this study.
Compare this system with others
at same conditions and make
overall conclusion

Figure 2.23: Experimental protocol used in this study.
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Declaration: Portions of this chapter are drawn from a journal article entitled: “Synergistic
Amplification of Water Oxidation Catalysis on Pt by a Thin-Film Conducting Polymer
Composite”, that has been published in ACS Applied Energy Materials 2018, 1, 4235-4246
(DOI: 10.1021/acsaem.8b00728), for which I, Mohammed Alsultan, was the first author,
along with co-authors: Sivakumar Balakrishnan, Jaechol Choi, Rouhollah Jalili, Prerna
Tiwari, Pawel Wagner, and Gerhard F. Swiegers. My contribution involved: (i) carrying out
the laboratory research and measurements, (ii) constructing the plots and figures from the data
obtained, and (iii) writing the first draft of the journal article.

3.1 Introduction

Conducting polymer (CP) thin films have recently gained attention as
potentially useful substrates for immobilizing water oxidation catalysts, particularly
solar-assisted or solar-driven catalysts.1 For example, the conducting polymer
poly(terthiophene), incorporating Mn porphyrins, has been demonstrated to selectively
split seawater into oxygen only, with no measurable chlorine formation detected. 2 In
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common with several other systems involving thin-film conducting polymer substrates
however, the catalytic activity was weak, achieving current densities in the low µA/cm2
range. 1-2
Water oxidation is an uphill chemical reaction that requires an electrochemical
cell potential of at least 1.23 V vs NHE. In practice, higher potentials must be applied
due to the overpotential of the oxygen evolution reaction (OER). 3 The activity of water
oxidation electrocatalysts typically depends on the active area of the electrode
involved,4 the electrical resistance of the conduction pathways to the electrode surface, 5
and the external bias that is applied. 6 Sunlight may also be harnessed if the materials
employed have wide visible light absorption bands.

7-9

Conducting polymers have the potential – at least in theory – to mediate all of
the above properties and thereby maximally assist the catalytic process. However, that
potential has remained largely unrealised with conducting polymer substrates
appearing to mostly restrain and not fully facilitate catalytic processes.1 A key
challenge in this respect is to understand how to fabricate conducting polymer supports
in a form that promotes the highest possible catalytic activity. At present, only very
general guidelines are available.1
A case in point is poly(3,4-ethylenedioxythiophene) (PEDOT), which is widely
considered to be the best available conducting polymer in terms of its conductivity,
transparency to visible light, stability, and capacity for fast electrochemical switching.10
Several studies have examined PEDOT within oxygen-generating electrodes.2,11
However, its performance in such systems has generally been poor, being apparently
hampered by a relatively low intrinsic conductivity and catalytic capacity, even at its
maximum bias of 0.8 V (vs Ag/AgCl) and pH at 12.1-2 At higher voltages and pHs,
PEDOT may be susceptible to degradative over-oxidation.
To fully understand what is needed in PEDOT thin-films, it was of interest to
see whether such supports could be induced to produce synergistic amplifications of
catalytic performance. That is, it was of interest to see whether a PEDOT support could
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accelerate a catalytic effect beyond what may be expected from the catalyst alone? To
test this concept, composites of PEDOT that incorporated known, active OER catalysts
(to boost catalytic performance) 12

and suitable conducting materials (to augment

conductivity) were fabricated and studied. The ratios of the components were also
varied to see how this affected performance.
This chapter describes studies of uniformly deposited PEDOT composites
containing nanoparticulate Ni (‘nano-Ni’) (av. diameter: 20 nm) as an active OER
catalyst and reduced graphene oxide (‘rGO’) as a conductor. While graphene oxide is
hydrophilic13-14 and insulating,15 it is more conducting in its reduced, rGO form. 16-18
Studies have, additionally, shown that rGO has potential in OER catalysis 19-39 (and other
forms of catalysis).40
The chapter further reports that thin-film composites containing specific ratios of the
above components display synergistically amplified19,41 OER photoelectron- catalysis.
Moreover, the catalytic performance of a thin film of PEDOT : nano-Ni : rGO having a molar
ratio of 4.5 (C; PEDOT) : 1 (Ni) : 9.5 (C; other) significantly superseded that of other
combinations. It also superseded the performance of Pt, the industry-standard, benchmark
OER electrocatalyst. When poised at 0.80 V (vs Ag/AgCl) in pH 12 solution, a Pt electrode
yielded 0.15 mA/cm2. When then overcoated with the above PEDOT/nano-Ni/rGO composite,
the Pt produced an order-of-magnitude greater current of 1.10-1.15 mA/cm2 under the same
conditions (including a photocurrent of 0.55 mA/cm2 under 0.25 sun illumination). Studies
suggested that the above composite contained an optimum ratio of catalyst density to
conductivity and thickness in which the PEDOT electrically connected the largest number of
catalytic sites (thereby maximizing the catalytically active area) by the shortest, most
conductive pathway (thereby minimizing the Tafel slope). The resulting synergistic matching
of the electrical connectivity and conductivity with the catalytic capacity induced the
amplified catalytic performance. This approach potentially offers a means of maximizing the
effectiveness of thin-film conducting polymers as catalyst supports.
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3.2

Results and Discussion

3.2.1 Studies of PEDOT/nano-Ni on FTO

In the first stage of this study, uniformly deposited thin-films of vapour-phase
polymerized PEDOT containing varying quantities of nano-Ni (av. 20 nm diameter) on
FTO glass slides (4.2 cm 2) were examined. On the basis of previous work, 2 the films
were tested as water oxidation electro- and/or photo-catalysts in 0.2 M Na2SO4 aqueous
solution, with the pH adjusted to 12, while biased at 0.8 V (vs Ag/AgCl). These voltage
and pH conditions provide the most favourable settings for OER catalysis under which
PEDOT can be safely tested without risking oxidative damage. 2 The standard potential
for water oxidation at pH 0 is 1.23 V vs SHE. However, at pH 12 the minimum
theoretical potential is 0.52 V vs. SHE, which equates to 0.29 V vs Ag/AgCl (as it was
mentioned in the introduction, a higher bias is required to force water-splitting reaction
foreword). The testing was carried out with and without light illumination from a
SoLux daylight MR16 halogen light bulb (ca. 0.25 sun intensity).
Figure 3.1 depicts representative data from this study. As can be seen, increases
in the relative quantity of nano-Ni initially led to higher dark currents, as well as higher
photocurrents. Thus, a control PEDOT film with no nano-Ni, exhibited tiny currents
(Figure 3.1(a)), whereas films prepared from polymerisation mixtures containing 20
mg nano-Ni (Figure 3.1(b)), 100 mg nano-Ni (Figure 3.1(c)), or 125 mg nano-Ni
(Figure 3.1(d)) produced ever higher dark currents (0.15-0.25 mA/cm2 respectively)
and photocurrents (0.20-0.40 mA/cm2 respectively). However, the net current declined
when more than 125 mg nano-Ni was incorporated into the films For example, PEDOT
containing 135 mg nano-Ni (Figure 3.1(e)) produced an unchanged dark current of ca.
0.25 mA/cm2 but a lower photocurrent of only ca. 0.30 mA/cm 2. The additional nanoNi clearly decreased light absorption by the film.
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Figure 3.1:

On this basis, PEDOT/nano-Ni films containing 125 mg of nano-Ni produced the
greatest catalytic effect. Further studies examined the incorporation of rGO into this
film. The rGO was prepared as described in the Experimental Section.

3.2.2 Studies of PEDOT/nano-Ni/rGO on FTO

In the second stage of the study, thin-films of PEDOT/nano-Ni/rGO on FTO glass were
prepared and tested in which the polymerisation mixture contained 125 mg of nano-Ni and
varying weights of rGO. The maximum amount of GO that could be incorporated in the films
using the vapour phase polymerisation technique was 6 mg. Beyond this level, the
polymerisation mixtures became too thick to spin-coat successfully. Immediately prior to
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Figure 3.2:

testing as a (photo) electrocatalyst, the GO in the films was reduced electrochemically to
rGO using cyclic voltammetry (performed in 0.2 M Na 2SO4 (pH 12); 5 cycles between
-1.2 V and 0.8 V, vs. Ag/AgCl, at 50 mV/s scan speed). The average charge transferred
during the reduction process was 1.6 µC, consistent with a very mild partial reduction.
Figure 3.2 depicts chronoamperograms of the best performing of these films,
on FTO glass, at 0.80 V (vs Ag/AgCl) in 0.2 M Na 2SO4 (pH 12) over 1 h of operation,
with and without light illumination (0.25 sun).
A systematic increase in the dark currents and photocurrents with increasing rGO
loading was observed (Figure 3.2(a)-(c)). The largest dark current (0.6-0.7 mA/cm2)
and photocurrent (0.30-0.35 mA/cm2) was produced by PEDOT/nano-Ni/rGO
containing 125 mg nano-Ni and 6.0 mg rGO. This film was typically 0.62 µm thick and
exhibited a conductivity of 8.56 S/cm (when prepared and tested on a glass slide).
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3.2.3 Studies of Control Films on FTO; Catalytic Amplification due to the
PEDOT

To assess the influence of the rGO component on the catalytic performance of
the above film, control films were prepared and tested containing: (i) 6.0 mg of rGO
alone (Figure 3.3(a)), (ii) PEDOT containing 6.0 mg rGO (Figure 3.3(b)), and (iii) 6.0
mg rGO and 125 mg nano-Ni only, with no PEDOT present (Figure 3.3(c)). As the
nano-Ni would not adhere to the FTO without a binder, a control thin-film of nano-Ni
only could not be prepared.
As can be seen in Figure 3.3, all of these control films produced notably smaller
dark currents and photocurrents than the PEDOT/nano-Ni/rGO film containing 125 mg
nano-Ni and 6.0 mg rGO (Figure 3.2(c)). For example, the best performing control film,
which comprised of 6.0 mg rGO and 125 mg nano-Ni only, without any PEDOT present
(Figure 3.3 (c)), yielded a dark current that was ca. 0.2 mA/cm 2 lower and a
photocurrent that was ca. 0.15 mA/cm 2 lower than the above PEDOT/nano-Ni/rGO
film.
These combined differences therefore represent a net catalytic amplification (of
ca. 0.35 mA/cm 2) that was created by the presence of the PEDOT in the above
PEDOT/nano-Ni/rGO film. This amplification is substantial, being at least 50% of the
combined dark and photocurrent of the control film (Figure 3.3(c)).
It is also noteworthy that this amplification was finely dependent on the precise
composition of the PEDOT/nano-Ni/rGO film, since, as demonstrated in Figures 3.1
and 3.2, even small changes in the quantities of nano-Ni or rGO present led to
substantial declines in the dark and photocurrents. That is, the observed amplification
was synergistically dependent on the exact proportions of the components in the
PEDOT/nano-Ni/rGO composite.
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Figure 3.3:

3.2.4 Comparative Studies with Pt

While numerous OER catalysts have been examined at pHs above 13,19-21
studies against which we could compare the above data, at pH 12, did not appear to be
available. A comparison was therefore made with the standard industry OER catalyst,
Pt. To that end, a FTO slide was sputter-coated with Pt (100 nm) and tested it under
the same conditions. Figure 3.4(a) shows the result. As can be seen, the freshlyprepared bare Pt electrode generated a steady current over 1 h of ca. 150 µA/cm 2. This
was substantially less than the best performing PEDOT/nano-Ni/rGO thin film.
To properly compare the two, a freshly-prepared Pt-coated FTO slide was
prepared with a thin film of PEDOT/nano-Ni/rGO containing 125 mg of nano-Ni and
6 mg of rGO. The resulting PEDOT/nano-Ni/rGO on Pt/FTO produced dark currents
86

of 0.55-0.60 mA/cm2 and photocurrents of 0.55 mA/cm 2 to give a total current of 1.101.15 mA/cm2 (Figure 3.4(b)). This was far in excess of the currents generated by the
bare Pt film. They were also larger than the equivalent currents of the PEDOT/nanoNi/rGO on FTO alone (Figure 3.2(c)). This can be ascribed to the lower sheet resistance
increased from the more conductive metallic Pt substrate on the FTO.
The PEDOT/nano-Ni/rGO on Pt/FTO had highest catalytic effect than other
control films. It yielded a consistent 1.10-1.15 mA/cm2 for over 40 h of constant light
illumination (Figure 3.5). When the light was then turned off, the current fell to its
earlier measured dark current. After the light was again turned on, the photocurrent
recovered completely, at which level it continued up to the 50 h mark.

Figure 3.4:
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Figure 3.5:

3.2.5 Studies of the Gas Bubbles Produced by the PEDOT/nano-Ni/rGO on
Pt/FTO

During the above work, gas bubbles could be seen to form and release on the
PEDOT/nano-Ni/rGO film containing 125 mg nano-Ni and 6 mg rGO. To determine
the identity of the gas being generated, it was collected and tested using a specialized,
sealed cell (described in Chapter 2). The cell comprised of two sealed half-cells
interfaced to each other via a proton conducting Nafion 117 membrane. The OER halfcell was constantly flushed with a steady stream of argon as a carrier gas; the gas outlet
was connected to a dedicated gas chromatograph (described in Chapter 2). Periodic GC
measurements indicated that the argon carrier gas passing through the OER half-cell
was pure before operation but contained a large peak whose retention time
corresponded to that of oxygen during operation (Figure 3.6). A small peak due to
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Figure 3.6: GC traces of gases collected the main peaks related to O2 and there were a trace of
H2 (a) and N2 (b) gases.

hydrogen, which presumably crossed-over the Nafion membrane from the other halfcell, was also observed. Tiny peaks corresponding to N 2 were also occasionally
detected as a shoulder on the oxygen peak. Such peaks likely derived from very small
amounts of air that got into the system.
The gas ratios were determined by integrating the peaks and found to be typically
96 O2 : 4 H2 without light illumination. With light illumination, representative gas ratios
were 89 O2 : 9 H2 : 2 N2. Neglecting H2, which came from the other half-cell, and trace
N2, which came from the air, O2 was the only gas detected, both with and without light
illumination. Gas bubbles formed on the Pt mesh counter electrode were also (and
separately) shown to be pure H 2 using the same equipment.
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3.2.6 Changes in the Electrolyte

To ensure that the Nafion inter-electrode membrane and the volume of
electrolyte employed successfully counteracted any substantial pH changes that could
occur in the unbuffered 0.2 M Na 2SO4 (pH 12) electrolyte within the O 2-generating
half-cell, its pH was monitored. Figure 3.7 shows that the pH change during the first
20 h of operation was 0.35 pH units. A declining pH in the O 2-generating, anode, halfcell is fully consistent with and indicative of water oxidation under unbuffered, alkaline
conditions.
To check whether the electrode had formed any peroxide, which is an alternative
oxidation product, we tested the solution after 5 h of operation with Qantofix ® peroxide test
strips that were capable of detecting ≥180 µg of peroxide in the volume of electrolyte present.
None was detected. As a total charge of 86.2 C had flowed through the cell during that time
and peroxide generation involves 2 mol e- per mol peroxide formed, it could be concluded that
≤0.000012% of the charge had been involved in peroxide formation.

Figure 3.7: pH change during the first 20 h of the experiment with (i-t) data
displayed in Figure 3.5.
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3.2.7

Other Possible Oxidation Processes: the Faradaic Efficiency

In order to further assess the incidence of other oxidation processes (outside of
water oxidation), we examined the current profile, without light illumination, during
the first few minutes of catalytic testing of the control films comprising of 125 mg
nano-Ni and 6.0 mg rGO only (without any PEDOT) (Figure 3.8(a)) and PEDOT
containing 6.0 mg rGO (Figure 3.8(b)). The control film comprised of only 6 mg of
rGO displayed a stable, unchanging current (Figure 3.8(c)).
As can be seen in Figure 3.8(a), the nano-Ni/rGO control film without any
PEDOT exhibited a current spike of up to ca. 2,100 mA/cm 2 in the first few seconds.
This stands in contrast to the flat current profile of the rGO control film in Figure 3.8(c)
and is consistent with the expected oxidation of the Ni catalyst surface. The oxidation
was fully complete after 3 min (charge consumed: 0.293 C), with an unchanging, stable
current thereafter.
Figure 3.8(b) similarly shows a transient oxidation of the PEDOT/rGO control
film that is indicative of further oxidation of the PEDOT, as seen previously. 2 That
oxidation was complete after 4 min (charge consumed: 0.607 C), with a stable current
thereafter. PEDOT is well-known to disintegrate/delaminate upon over-oxidation due
to physical stresses arising from oxidatively-induced morphological changes in the
coating and breaks in the polymer chains.42 The robust integrity of the coating over 50
h of continuous operation (Figure 3.5) indicates that the polymer was not further
oxidized.
The flat, unchanging current of the control film containing only 6.0 mg rGO
(Figure 3.8(c)) was not surpincreased. As noted earlier, the GO used in the film was
prepared with a large excess of the powerful oxidant KMnO 4, in sulfuric acid. As such,
it was not subject to additional oxidation. This was further confirmed by the absence in
the above GC studies of products that would result from such an oxidation, namely,
CO or CO2 gas (Figure 3.6). The only oxidation process that could have been expected
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in this respect was a reversal of the mild partial reduction to rGO that was performed
immediately prior to catalytic testing. The flat current profile suggested, however, that
such a reversal either did not occur or occurred only very slowly.
The stable currents after 4 min in Figures 3.8(a)-(c) were well below that
sustained by the most active PEDOT/nano-Ni/rGO thin film over 50 h under the same
conditions, which consumed 861.8 C. This charge is sufficient to 1-electron oxidize
every monomer in the PEDOT and every C in the GO >4-times over. The PEDOT
coating would have delaminated long before every monomer was oxidized. Moreover,
as noted earlier, small changes in the ratio of the components present in this most active
film led to notable declines in current. These features are inconsistent with and could
not have arisen if the observed currents were due to one of the components in that film
being oxidatively consumed in any substantial proportion

(a)
(b)
(c)

Figure 3.8: Chronoamperograms over the first 4 min of operation, at 0.80 V (vs Ag/AgCl)
in 0.2 M Na2SO4 (pH 12) without light illumination, of FTO glass slides coated with
control thin films comprising of: (a) 125 mg nano-Ni and 6.0 mg rGO only (without any
PEDOT), (b) PEDOT containing 6.0 mg rGO, and (c) 6.0 mg rGO.
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The minimum quantity of oxygen produced by the most active PEDOT/nanoNi/rGO film could be determined by integration of the oxygen peak in the above GC
studies (Figure 3.6) and comparison with a previously determined calibration curve.
This indicated that at least 50.9% (dark) and 52.2% (under light illumination) of the
volume of oxygen expected from the electrons passing through the electrode was
injected through the GC column in these studies. These results were, however, an
under-estimate because the cell used in those studies (as described in Chapter 2) could
not be made gas-tight and had to be operated with a positive pressure of carrier gas to
exclude air ingress. This resulted in leaking of an unquantifiable proportion of the
product gas.
It can be concluded that the only possible oxidation process that could have occurred
in the system beyond water oxidation, was the reversal of the partial reduction of GO
performed immediately before catalytic testing. That represented <0.1% of the overall charge
that passed through the electrode during 50 h of operation (Figure 3.5). Accordingly, the
Faradaic efficiency for oxygen generation was likely toward quantitative, but unequivocally
more than 50.9% (dark) or 52.9% (light). Even in if the latter percentages were the more
accurate, they indicate a 4-fold faster generation of O2 than the bare Pt electrode under the
same conditions.

3.2.8 Characterisation of the PEDOT/Nano-Ni/rGO Electrode

To determine the molar composition of the most catalytically active PEDOT
nano-Ni and 6 mg rGO, elemental analysis studies were undertaken. As the quantity of
material in such a film was far below the minimum needed for an elemental analysis,
multiple identical films were prepared on FTO glass, dried, carefully scraped off, and
combined.
Analysis of the combined films indicated that they contained 21.00% Ni, 8.54%
S, 60.10% C, and no Fe. As only PEDOT contains S, while rGO contains only C, O
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(but not analysed) and nano-Ni only Ni, it was possible to calculate the molar ratio of
PEDOT : Ni : rGO to be 4.5 (C; PEDOT) : 1 (Ni) : 9.5 (C; other).
The morphology of the PEDOT/Nano-Ni/rGO film was examined using
Scanning Electron Microscopy (SEM). Samples for the SEM experiments were
prepared by coating a PEDOT/Nano-Ni/rGO film on FTO glass with a 7 nm layer of
Pt in order to provide a sufficient signal. Figure 3.9(a) depicts a representative SEM
image of the deposited film, showing that it comprised a highly porous surface
structure. EDX-mapping (Figure 3.9(b)-(e)) indicated uniform distributions of Ni
(nano-Ni), C (PEDOT and rGO), O (PEDOT and rGO), and S (PEDOT) over the film.
Transmission electron microscopy (TEM) (Figure 3.10(a)) showed that the
nano-Ni and the rGO plates were generally not in contact with each other, each being
separately enveloped by the PEDOT. The nano-Ni particles were 20-50 nm in diameter
(the dark structures in Figure 3.10(a)), while the rGO plates were ca. 200-300 nm wide
and long (shown as the light-coloured background structures in Figure 3.10(a)). Figure
3.10(b) shows a TEM of the interface between the PEDOT and the nano-Ni. As can be

Figure 3.9:
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(a)

(b)

Figure 3.10:

seen, the PEDOT generally made seamless contact with the Ni lattice. This was also
true for the rGO.
To establish whether the water oxidation catalysis changed the elemental
composition and chemical states of the above PEDOT/nano-Ni/rGO film, it was further
analysed, after 6 h of continuous operation, with X-ray photoelectron spectroscopy
(XPS). The resulting spectra, which are shown as the individual data points in Figure
3.11 closely matched modelled data for PEDOT/nano-Ni/rGO, indicating that there had
been no substantive elemental or chemical changes to the film.
The survey spectrum indicated peaks corresponding to O 1s, C 1s, Ni 2p and S
2p. The O 1s and C 1s spectra were characteristic of PEDOT and rGO, while the S 2s
spectra derived from PEDOT. The C 1s spectrum contained deconvolution peaks at
284.34, 285.2, 286.1, 286.90, 288 and 290.8 eV (Figure 3.11(b)). The peak at 284.34
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eV represented a sp 2 carbon hybrid, characteristic of C=C bonds. The peak at 285.2 eV
represented a sp3 carbon hybrid arising from C-C and C-H bonds. The peak at 286.1 eV
refers to the C-S bond. Finally, the peaks at 288.0 eV and 289.0 eV refer to C=O and
O-C=O π – π interactions respectively.43-51 The S 2p spectrum displayed peaks at 163.5
eV and 165.5 eV, that corresponded to the S 2p 3/2 and 2p1/2 binding energies. These
derived from the C- S bond and S+, arising from the S atoms of the PEDOT fragments.
The other two small peaks refer to 2p 3/2 and 2p1/2 arising from sulfonic groups in the
PTS structure.52-56
The O 1s spectrum of the film had peaks at 529.8 eV, 531.9 eV and 533.43 eV.
They relate to the binding energy of the Ni-O, C=O and C-O bonds respectively.57-59
Finally, for the Ni spectrum, there were two main peaks due to Ni 2p 1/2 and 2p3/2
transitions in the range 848–885 eV (Figure 3.11(d)). The main peak at ca. 845.85 eV
had an intense satellite at 860.9 eV, which represents Ni 2p 1/2, while the peak at 873.6
eV with an intense satellite at 879.5 eV was due to the presence of Ni 2p 3/2, both of
which are both characteristic of the Ni 2+ ion.60-61
A number of conclusions could be drawn from the above characterization
studies. Firstly, the observed amplification of the catalytic effect did not derive from
an interaction between the nano-Ni and the rGO in the film. These components were
generally separately enveloped by the PEDOT, which formed an apparently seamless
interface with them. The amplification also did not arise from chemical or elemental
changes in the film during catalysis. Nor was it due to a catalytic effect arising from
residual Fe left over from the polymerisation step.
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Figure 3.11:
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3.2.9 EIS and Tafel Plot Studies

To further investigate the origin of the catalytic amplification, electrochemical
impedance spectroscopy (EIS) and Tafel plot studies were undertaken. Figure 3.12(a)(b) depict the Nyqist and Bode plots respectively, at 0.8 V vs Ag/AgCl and pH 12, of:
(i)-(ii) the control PEDOT only electrode (with and without illumination), (iii) the
control bare Pt electrode, and (iv)-(v) the Pt electrode overcoated with PEDOT/nanoNi/rGO (with and without illumination). For each sample, two distinct processes can
be distinguished in the Nyquist plot: (I) a large arc at intermediate to low frequencies
(10-100 Hz), which is clearly visible in the main graph in Figure 3.12(a), and (II) a
small arc at high frequencies (1,000-10,000 Hz) that is barely discernible at low Z
values in the inset graph in Figure 3.12(a). The latter is characteristic of charge transfer
during catalysis. The frequencies of the former are typical of interfacial and solution
processes. Previous studies at pH 12 have assigned such low to intermediate frequency
arcs to adsorption processes involving transfer of ions (charge carriers) from the diffuse
layer to the catalyst.62 Accordingly, the EIS data was modelled with the equivalent
circuit shown in Figure 3.12(c).63 The modelled results are depicted as the solid lines
in Figure 3.12(a). As can be seen, an excellent match was achieved with the measured
data (shown by the individual data points in Figure 3.12(a)). Table 3.1 lists key results
of the modelling.
The capacitance Cdl provides a comparative measure of the electrochemically
active area of the samples tested. As can be seen in Table 3.1, the control bare Pt
exhibited a substantially lower capacitance (9.89 µF cm-2) than the Pt/PEDOT/nanoNi/rGO (34.0 µF cm-2 without light illumination, 38.9 µF cm-2 with light illumination).
The Pt/PEDOT/nano-Ni/rGO clearly had an electroactive area that was substantially
larger than the bare Pt. The catalytic performance of the Pt/PEDOT/nano-Ni/rGO
electrode was therefore due, in part, to a large catalytically active area.
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Figure 3.12:
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The capacitance Cdl provides a comparative measure of the electrochemically
active area of the samples tested. As can be seen in Table 3.1, the control bare Pt
exhibited a substantially lower capacitance (9.89 µF cm-2) than the Pt/PEDOT/nanoNi/rGO (34.0 µF cm-2 without light illumination, 38.9 µF cm-2 with light illumination).
The Pt/PEDOT/nano-Ni/rGO clearly had an electroactive area that was substantially
larger than the bare Pt. The catalytic performance of the Pt/PEDOT/nano-Ni/rGO
electrode was therefore due, in part, to a large catalytically active area.
The resistance associated with adsorption, R ad, and the charge transfer
resistance, RCT, of the PEDOT/nano-Ni/rGO on Pt/FTO (R ad 110.4 Ω cm2 and RCT
103.2 Ω cm2 (Rtotal = 213.6 Ω cm2) with light illumination; R ad 132.4 Ω cm2 and RCT
125.3 Ω cm2 (Rtotal = 257.7 Ω cm2) without light illumination) were also lower than the
bare Pt (Rad 270.4 Ω cm2 and RCT 120.7 Ω cm2 (Rtotal = 391.1 Ω cm2)). The
PEDOT/nano-Ni/rGO was therefore a more active catalyst than the bare Pt, per unit
area, at least under the testing conditions. As can be seen in Table 3.1 the trend values
of the resistances generally decresed from the top to the bottom to produce minimum
Ohmic values on the PEDOT/nano-Ni/rGO on Pt/FTO (light). Thus, this optimized film
exhibted higher current because, according to Ohm’s law, the current produced is
inversely proportioned to the resistance.
Accordingly, the PEDOT/nano-Ni/rGO on Pt/FTO achieved its high catalytic
performance because it had a larger electroactive area that was also more active per
unit area. By contrast, the PEDOT alone displayed a smaller area that was less active.
The ohmic resistance, Rel, was of the same order for all samples (17.16-19.73 Ω cm2),
as would be expected (Table 3.1).
Figure 3.12(d) shows Tafel plots of the catalysts, with results listed in the last
two columns of Table 3.1. It seems that the Tafel slopes are linear for the PEDOT/nanoNi/rGO on Pt/FTO (with and without light) and PEDOT (without light (i) and with light
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(ii)). However, the Tafel slope of the control Pt has a curve due to the observed decrease
in its activity during the testing period.
The current density, io, provides a measure of the rate of catalysis at the
reversible potential, when the overpotential is zero. As can be seen, the bare Pt
displayed the highest io, indicating that it had the highest intrinsic catalytic capability
at zero overpotential. Interestingly, the PEDOT control exhibited higher io values with
and without light illumination than the PEDOT/nano-Ni/rGO. This indicates that
PEDOT is itself capable of acting as an OER catalysis. However, the high Tafel slopes,
A, of the PEDOT control indicates that such a catalytic contribution would have been
small under the test conditions in Figure 3.5.

Sample

PEDOT (dark)
PEDOT (light)
Pt only
PEDOT/nanoNi/rGO on
Pt/FTO (dark)
PEDOT/nanoNi/rGO on
Pt/FTO (light)

Rel

Rad

Cdl

RCT

QCPE

Ω
cm2

Ω cm2

µF
cm-2

Ω cm2

18.9
± 1.6
17.3
± 1.3
19.7±
1.2

420.3
± 3.4
400.1
± 2.6
270.4
± 12.4

16.1±
0.2
20.9
± 1.5
9.9±
0.5

148.3
± 2.7
122.9
± 3.3
120.7
± 2.1

µΩ1
cm
-2 n
s
0.07±
0.03
0.14±
0.04
0.06±
0.01

17.3
± 0.8

132.4
± 0.7

34.0±
0.2

125.3
± 1.2

17.2±
1.1

110.4±
0.3

38.9±
0.2

103.2±
1.6

nCPE

CCPE

A

io

µF cm-2

mV/dec

μA cm2

0.88
± 0.11
0.88
± 0.12
0.92
± 0.32

0.01±
0.009
0.02 ±
0.01
0.02±
0.01

277±
16
272 ±
15
250±
17

20.60
±3.60
25.88
±4.34
50.46
±12.50

0.25±
0.01

0.89
± 0.21

0.05±
0.01

110±
13

15.20
±2.76

0.40±
0.03

0.88±
0.14

0.08 ±
0.01

104±
10

17.97
±2.15

Table 3.1: Data from modelling of electrochemical impedance spectroscopy (ohmic
resistance (Rel), adsorption resistance (Rad), diffuse layer capacitance (C dl), catalytic
charge transfer resistance (R CT), and capacitance expressed in terms of a constant
phase element (Q CPE, nCPE, and CCPE)).64 Data from Tafel plot studies (slope (A),
exchange current density (io)). (‘dark’ = without light illumination; ‘light’ = with light
illumination)
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By contrast, catalysis by the PEDOT/nano-Ni/rGO must have been very
strongly activated by the application of the voltage bias. The extent of that activation
is confirmed by the Tafel slope. As can be seen, the PEDOT/nano-Ni/rGO on Pt/FTO
required only 104 mV (with light illumination) and 110 mV (without light illumination)
to increase the reaction rate by a factor of 10 at pH 12. This was very much less than
the bare Pt (250 mV)65 and the control PEDOT (272-277 mV), explaining why the
PEDOT/nano-Ni/rGO on Pt/FTO was so much more active at 0.8 V vs Ag/AgCl.

3.2.10 The Origin of the Catalytic Amplification

It therefore appears that the catalytic amplification in the PEDOT/nano-Ni/rGO film on
Pt/FTO derived from a confluence of two effects: (i) a large catalytically active area
that became (ii) highly active per unit area when a voltage bias was applied to it. The
extreme sensitivity of the catalytic amplification to the precise composition of the
PEDOT/nano-Ni/rGO film (as demonstrated in Figures 3.2 and 3.3) indicates that these
two effects were intimately connected with the composition of the film. That is, the
organisation of the PEDOT and the other components in the film must have been such
as to create the above effects.
During OER catalysis in basic media, electrons are generated at a catalyst. At a
bias of 0.8 V, PEDOT is in its conducting form. When interfaced with an OER catalyst
like nano-Ni, that is generating electrons, a PEDOT support will transport those
electrons to the external circuit of the cell. In so doing, it would, effectively, also
transmit the applied bias to the catalyst. The PEDOT in the above PEDOT/nanoNi/rGO film containing 125 mg nano-Ni and 6.0 mg rGO, was clearly unusually
efficient at carrying out these tasks. That could only have been the case if the electrical
pathways between the catalyst sites and the external circuit were short and high
conductance.
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The earlier-described characterisation studies showed that the PEDOT in the
film was porous. The PEDOT also enveloped and seamlessly interfaced with the nanoNi and rGO in the film. In so doing, it would certainly have electrically connected a
large number of catalytically capable Ni atoms to the external circuit. If the electrical
pathways were, additionally, short and highly conductive then that would explain the
high catalytically active area. It would also explain the strong transmission of the
applied bias to the catalytic sites.
In other words, it appears that the composition of the above film, relative to the
other, less catalytically active films described above, was such as to uniquely connect
the largest number of catalytic sites by the shortest, most conductive pathway. That
pathway may have included rGO platelets.
That is, the amplification appears to have derived from a synergistic matching
of the electrical connectivity, conductivity and catalytic capacity of the film.
The net result was the creation of a catalytic effect having an order of magnitude
higher activity than bare Pt under the conditions of testing.

To the best of our

knowledge, the above amplification is the largest yet noted for PEDOT (as a proportion
of the Pt catalytic activity).1
The application of the above approach provides a potential means to maximise
the utility of thin-film conducting polymers as catalyst supports.

3.4

Conclusions

In this chapter, the conditions under which thin-film conducting polymer
supports may be induced to synergistically amplify catalysis have been studied.
Composite PEDOT films containing nano-Ni and rGO have been studied as
(photo)electrocatalysts of water oxidation in 0.2 M Na 2SO4 with the pH adjusted to 12.
Films containing PEDOT : nano-Ni : rGO in the specific molar ratio of 4.5 (C; PEDOT)
: 1 (Ni) : 9.5 (C; other) proved to be highly active, especially when overcoated on a Pt
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electrode. Control films containing other combinations of the above components,
produced notably lower currents. The above PEDOT/nano-Ni/rGO on Pt/FTO film
generated a sustained current density of 1.10-1.15 mA/cm2 at 0.80 V (vs Ag/AgCl) over
>40 h of operation under constant light illumination of 0.25 sun. This was an order of
magnitude greater than an equivalent bare Pt electrode, which produced <0.15 mA/cm 2
under the same conditions. Oxygen was the sole gas generated. SEM/EDX, TEM, XPS,
EIS and Tafel plot studies showed that the catalytic amplification was created by the
PEDOT in the above film. The source of this amplification is proposed to derive from
a high catalytically active area coupled with a high activity per unit area under the
applied voltage bias. It could be concluded that, in the above film, the PEDOT
electrically connected the largest number of catalytic sites (thereby maximizing the
catalytically active area) by the shortest, most conductive pathway (thereby minimizing
the Tafel slope). That is, the amplification was created by matching the connectivity,
conductivity, and catalytic capacity of the film.
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Synergistic Amplification of Catalytic
Hydrogen Generation by a Thin-Film
Conducting Polymer Composite
Declaration: Portion of this chapter are drawn from a journal article entitled: “Synergistic
Amplification of Catalytic Hydrogen Generation by a Thin-Film Conducting Polymer
Composite”, that has been published in Catalysis Science and Technology 2018, 8, 4169-4179
(DOI: 10.1039/c8cy00780b), for which I, Mohammed Alsultan, was the first author, along
with co-authors: Jaechol Choi, Rouhollah Jalili, Pawel Wagner, and Gerhard F. Swiegers. My
contribution involved: (i) carrying out the laboratory research and measurements, (ii)
constructing the plots and figures from the data obtained, and (iii) writing the first draft of the
journal article.

4.1 Introduction

Hydrogen is widely considered to be the ideal fuel for a future clean,
sustainable, and environmentally friendly energy technology.1-2 Not only does
hydrogen have a high energy density (122 kJ/g) compared to fossil fuels (e.g. gasoline,
40 kJ/g),3-4 but it is also non-polluting, generating only water as a waste product. For
these reasons, the production of hydrogen via water-splitting in electrochemical (EC)
or photo-electrochemical (PEC) cells, has been of particular interest.
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Inherently conducting polymers (ICPs) exhibit potentially useful properties as
porous, conductive, and light-harvesting supports in catalytic hydrogen-generating
ECs/PECs.5-6 As noted previously, of the various, available ICPs, poly(3,4ethylenedioxythiophene) (PEDOT) is most attractive.7-10 As a catalyst of the hydrogen
evolution reaction (HER) (2H ++2e-→H2) however, PEDOT generates only very small
current densities that typically fall in the low µA/cm 2 range. For this reason, PEDOT is
only of practical interest in combination with other materials and conductors, such as
non-conducting polymers (e.g. polyethyleneglycol, PEG), 11-12 carbon materials (e.g.
single wall carbon nanotubes), 13 metallic nanoparticles (e.g. Pd),14 and light-activated
semiconductors (e.g. Si).15 While a number of studies have examined such thin-film
PEDOT composites as HER catalysts, few have considered how PEDOT could be
deployed to promote the highest possible catalytic activity. One study that considered
this question involved a PEDOT-PEG composite that was deposited on a Au-coated
Gore-Tex substrate.12 That system yielded sustained current densities for HER catalysis
of 2.2 mA/cm 2 at -0.35 V (vs SCE) in strong acid (1 M H 2SO4), that were closely
comparable to that produced by the industry benchmark HER catalyst, Pt, under the
same conditions. The high activity of the PEDOT-PEG derived from the large surface
area of the Gore-Tex substrate. The PEG also increased proton diffusion and overall
conductivity.12 To the best of my knowledge, this system appears to be the most active
reported PEDOT-based HER electrocatalyst as a proportion of the comparable activity
of Pt.
The previous chapter examined the conditions under which thin-film
conducting polymer supports may be induced to synergistically amplify water
oxidation catalysis beyond what may be expected from the catalyst alone.16 The
conclusion was that the conducting polymer should electrically connect the largest
number of catalytic sites by the shortest, least-resistive pathways to thereby achieve:
(1) the greatest active area that is also: (2) the most responsive to the applied bias
(minimizing the Tafel slope). 11 That is, the connectivity, conductivity and catalytic
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capacity of the film should be matched. This approach led to an optimized 0.62 µm
thick film (4.2 cm 2) containing PEDOT, nano-Ni (125 mg) and rGO (6.0 mg) that
catalyzed water oxidation at a rate that was an order of magnitude greater than an
equivalent bare Pt electrode.
While the above approach led to significantly amplified water oxidation
catalysis, the same rules should apply to other types of catalysis, like HER catalysis.
That is, if the above deductions were valid and a particular ratio of catalyst density to
film conductivity and thickness was needed, then the same or a similar ratio should also
amplify other forms of catalysis, like HER catalysis. To study whether this was the
case, this Chapter examines whether the above combination or a similar ratio thereof,
will also amplify catalytic H 2 generation. Nano-Ni should be an H2-generating
(photo)catalyst,

while

graphene

oxide,

which

is

normally

insulating

and

hydrophobic,17-18 becomes conducting 19-21 and potentially catalytic when reduced to
rGO.22-39
This chapter reports that an optimized 0.61 m thick film (4.2 cm2) containing
PEDOT and the very specific ratio of 125 mg nano-Ni and 5.4 mg rGO yields a sustained
current density for HER catalysis of 3.6 mA/cm2 (including ca. 0.2 mA/cm2 due to the light
illumination) at -0.75 V (vs Ag/AgCl) in 0.2 M Na2SO4 adjusted to pH 1 (by adding 0.05 M
H2SO4) after 3 h under 0.25 sun. These settings represent the most favourable conditions for
HER catalysis under which the nano-Ni is not susceptible to dissolution. This current density
was 64% higher than a benchmark, control bare Pt electrode, which produced 2.2 mA/cm2
under identical conditions. It was also higher than a control film that contained only 125 mg
nano-Ni and 5.6 mg rGO, without any PEDOT. Other ratios produced notably lower activities.
While the PEDOT acted as a hole (h+) conductor rather than an electron (e-) conductor in this
case, the remarkable similarity of the composition of the above film and that from the previous
chapter strongly support the general proposition that thin-film conducting polymer supports
may be induced to synergistically amplify catalysis by connecting the largest number of
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catalytic sites by the shortest, most conductive pathways. The above thin-film appears to be
the most active PEDOT-based HER catalyst yet reported, as a proportion of the catalytic
activity of Pt under the same conditions.

4.2

Results and Discussion

4.2.1 CV studies of control films of nano-Ni/rGO on FTO glass

In the first stage of this study, the most favourable pH and voltage bias conditions
were sought to determine the conditions under which HER catalysis by the proposed
composite PEDOT/nano-Ni/rGO thin films could be studied without degradation of the
films. As PEDOT is known to be stable under even strongly reducing conditions in 1
M H2SO4 (pH 0.3),12 thin-film mixtures of nano-Ni and rGO only (without any PEDOT)
that had been spin-coated onto FTO glass and dried, we studied. These films proved to
bind robustly to the FTO glass. The nano-Ni had an average diameter of 20 nm; the
rGO was prepared as described in the Experimental Section.
To assess the best conditions for HER catalysis by these thin-films, without
degradation, their CVs were measured under reducing conditions (-0.25 V to -1.1 V vs
Ag/AgCl) without light illumination, over a range of pHs (0-12). At a pH of 0, the
nano-Ni/rGO films delaminated from the FTO glass, suggesting that one of the
components degraded. However, the films were stable to delamination at pH’s of 1 and
above.
Films having a wide variety of weight ratios of nano-Ni: rGO were studied. All
displayed characteristic HER catalytic currents (Figure 4.1). One film had the same
weight ratio of 125 mg nano-Ni : 6 mg rGO that had been observed in Chapter 3, to be
most active, when combined with PEDOT. The relative current densities of this film at
-1.1 V (vs Ag/AgCl) during scanning increased from ca. 1.2 mA/cm 2 at pH 12 to ca. 3
mA/cm2 at pH 1. By contrast, an equivalent, sputtered, bare Pt film on an FTO glass
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slide yielded, at pH 1, an onset potential of 0.32 V and a current density of ca. 8 mA/cm 2
at -1.1 V (vs Ag/AgCl) (Figure 4.1). It therefore appeared advantageous to study the

(iv)

(i)

(ii)

(iii)

Figure 4.1:

proposed PEDOT/Nano-Ni/rGO composite films at a pH of 1. However, the Pourbaix
diagram for Ni (Figure 4.2)40 indicated that at pH 1, Ni is susceptible to oxidation with
subsequent formation of soluble Ni(II) at potentials more positive than -0.375 V vs
NHE (-0.605 V vs Ag/AgCl). At potentials more negative than this, Ni is favored to
remain in its metallic state.

Accordingly, it was decided to study the proposed

PEDOT/nano-Ni/rGO composite films on FTO glass slides in 0.05 M H 2SO4 / 0.2 M
Na2SO4 (pH 1) at potentials of -0.75 V vs Ag/AgCl, which was well clear of the -0.605
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V threshold. In addition, the film was biased at -0.75 V before placed in electrolyte
solution to prevent dissolution of nano-Ni particles.

Figure 4.2:

4.2.2

Chronoamperometric Studies of Films of Nano-Ni, rGO, PEDOT,
PEDOT/Nano-Ni, PEDOT/rGO, and PEDOT/Nano-Ni/rGO on
FTO

In the second stage of this work, PEDOT thin-films were prepared incorporating
nano-Ni and/or rGO on FTO glass, using vapor phase polymerization. This technique
involved spin-coating a fixed, small volume of an ethanol solution of Fe(III)-pTS
oxidant (100 mg) that may contain nano-Ni and/or rGO onto an FTO glass slide. The
slide was then dried and suspended in a sealed flask above liquid 3,4-
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ethylenedioxythiophene

(EDOT),

causing

the

formation

via

vapour

phase

polymerization (VPP) of a PEDOT film of 55-65 µm thickness. After polymerization,
the film was thoroughly washed to remove excess of oxidant and then dried.
The following samples were prepared on FTO glass slides: (i) PEDOT
(control), (ii) PEDOT containing nano-Ni (control), (iii) PEDOT containing rGO
(control), and (iv) PEDOT containing various mixtures of nano-Ni and rGO. Each of
the films were prepared by incorporating nano-Ni (0 mg - 250 mg) and/or rGO (0 mg 6 mg) in the spin-coating solution for vapour-phase polymerisation, with a uniformly
thin PEDOT layer then being formed containing various mixtures of nano-Ni and rGO.
Chronoamperograms were measured at -0.75 V vs Ag/AgCl for each sample,
as a working electrode in 0.05 M H 2SO4 / 0.2 M Na 2SO4, with and without light
illumination using a SoLux daylight MR16 halogen light bulb (0.25 sun intensity). The
earlier prepared films of nano-Ni/rGO were also tested. A large (2 cm x 2 cm) Pt mesh
served as the counter electrode. The control PEDOT film produced a low current
density of ca. 46 µA/cm 2 (including a ca. 5 µA/cm 2 photoelectrically-induced
photocurrent due to the light illumination) (Figure 4.3(a)(i)). A PEDOT/nano-Ni film
yielded a higher, but still low current density of ca. 56 µA/cm 2 (including ca. 9 µA/cm 2
due to the light illumination) (Figure 4.3(a)(ii)). A PEDOT/rGO film generated ca. 70
µA/cm2 (including ca. 6 µA/cm 2 due to the light illumination) (Figure 4.3(a)(iii)). The
low currents suggested that the PEDOT in the control films was coating the additives,
particularly the nano-Ni catalyst, and blocking their catalytic activity.
Remarkably however, this did not seem to be a problem with the PEDOT/nanoNi/rGO films, the most active of which yielded a current density of around 3.6 mA/cm 2
(=3600 µA/cm2; including ca. 200 µA/cm 2 due to the light illumination) (Figure 4.4(i)).
This was about 60-times the current densities of the equivalent PEDOT-containing
control films.
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(i)

(ii)

(iii)

Figure 4.3: Chronoamperograms at -0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4, after
3 h of operation, with and without light illumination (0.25 sun), of FTO glass slides coated with:
(i) PEDOT alone, (ii) PEDOT/nano-Ni (125 mg nano-Ni), and (iii) PEDOT/rGO (5.4 mg rGO)
(*=’light on’, #=’light off). Note that the data in graph (b) is in mA/cm2 and therefore
substantially larger than the data in graph (a), which is in µA/cm2.

An interesting feature of the performance of the PEDOT/nano-Ni/rGO films
was what can only be described as an extreme sensitivity to the proportion of rGO
present. The maximum catalytic performance was obtained when the film was made
using 5.4 mg rGO in the spin-coated polymerisation solution (Figure 4.4(i)). The
presence of a mere 0.6 mg more rGO (6.0 mg; Figure 4.4(ii)) or 0.6 mg less rGO (4.8
mg; Figure 4.4(iii)) in the film led to significant declines in the catalytic activity;
namely, to 3.2 mA/cm 2 and 2.8 mA/cm2 respectively, after 3 h under light illumination.
A lesser sensitivity was seen with the nano-Ni, for which 125 mg proved optimum, as
described in Chapter 3.16
The relatively slow rise times of the photocurrents after the light
illumination is switched on has been observed before, and is characteristic of PEDOT. 41

118

Figure 4.4:

As shown in Figure 4.5, the current density after 3 h under light illumination of
the PEDOT/nano-Ni/rGO film containing 125 mg nano-Ni and 5.4 mg rGO (3.6
mA/cm2; Figure 4.5(i)) substantially exceeded that produced by an equivalent nanoNi/rGO film, without PEDOT, containing the same ratio of nano-Ni : rGO of 125 mg :
5.4 mg (2.1 mA/cm 2; Figure 4.5 (ii)). The presence of the PEDOT therefore added at
least 1.5 mA/cm 2 (or 70%) to the current density. Gas bubbles could be clearly seen to
form and release on both films.
By contrast, the bare Pt control electrode generated only ca. 2.2 mA/cm 2 under
the same conditions (Figure 5.4 (iii)), which was comparable to the nano-Ni/rGO film
(Figure 5.4 (ii)).
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(ii)

(iii)
(i)

Figure 4.5: Chronoamperograms at -0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of FTO
glass slides coated with: (i) PEDOT/nano-Ni/rGO (125 mg nano-Ni/5.4 mg rGO; with light
illumination), (ii) nano-Ni/rGO without PEDOT (control) (125 mg nano-Ni/5.4 mg rGO; with light
illumination), and (iii) bare Pt (control) (without light illumination). declining sharply, especially
over the first 1 h of operation.27 As can be seen in Figure 4(iii), its current density stabilized at a level
well below that of the PEDOT/nano-Ni/rGO thin-film composite (Figure 4.5(i)). The presence of the
PEDOT was clearly critical to the superior performance.

4.2.3 Gas Collection Studies of PEDOT/Nano-Ni/rGO on FTO

To determine the identity of the bubbles formed on the most active
PEDOT/Nano-Ni/rGO thin film, we collected and tested the gas produced using a
specialized, sealed cell (as described in Chapter 2) connected to a dedicated gas
chromatograph (as also described in Chapter 2). The GC analysis showed only a single
peak whose retention time corresponded to hydrogen (Figure 4.6). Peaks due to other
gases, including air nitrogen and/or oxygen, were notably absent. Gas formed on the Pt
mesh counter electrode shown to be pure oxygen.
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Figure 4.6: Gas chromatography trace of the gas collected.

The PEDOT/nano-Ni/rGO film clearly catalysed the HER, with the nano-Ni/rGO
components likely producing about 60% of the electrocatalytic effect and a synergistic
amplification arising from the PEDOT accounting for the rest. The light-induced current
density comprised only about 5% of the total catalytic effect.

4.2.4 Characterisation of the PEDOT/Nano-Ni/rGO Electrode

To determine the composition of the most active PEDOT/Nano-Ni/rGO film on
the working electrode, elemental analysis studies were undertaken. Given that the
quantity of material in such films was far below the minimum needed for an elemental
analysis, multiple identical films were prepared, dried, carefully scraped off the FTO
glass, and combined.
Analysis of the combined films indicated that they contained 22.00% Ni,
11.30% S, 48.70% C and no Fe. As only the PEDOT contained the element S, while
rGO contained only C and the nano-Ni only Ni, it was possible to calculate the molar
ratio of PEDOT : Ni : rGO to be 5.6 (C; PEDOT) : 1 (Ni) : 5.2 (C; rGO). This ratio was
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very similar to that previously observed in Chapter 3 to give the largest amplification
in catalytic water oxidation.16
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy
(TEM), X-ray powder diffraction (XRD), and X-ray photoelectron spectroscopy (XPS)
analyses were also performed on the PEDOT/nano-Ni/rGO films prior to and after
catalytic testing in order to assess structural and chemical changes in the catalytic film.
Figure 4.7(a) depicts a representative SEM image of the most active
PEDOT/nano-Ni/rGO film after 3 h of operation, showing that its surface had become
more porous. EDX-mapping (Figure 4.7(a), insets) still indicated uniform distributions
of Ni (nano-Ni), C (rGO and PEDOT), and S (PEDOT) elements.
Measurements also showed that the above PEDOT/nano-Ni/rGO film, which
had been prepared as a layer that was 0.61-0.63 µm thick, had swelled to ca. 0.85 µm
thickness upon immersion for 5 min in the 0.05 M H 2SO4 / 0.2 M Na2SO4 electrolyte.
After 3 h of operation, it was 0.98 µm thick. Clearly, the PEDOT/nano-Ni/rGO film
swelled and became more porous during operation. As in the previous Chapter,16 TEM
showed the PEDOT to separately envelope each of the nano-Ni and the rGO platelets,
with little contact between the nano-Ni and the rGO present. The PEDOT generally
made seamless contact with the Ni lattice and with the rGO. There was no observable
change to these interfaces after 3 h of operation.
Figure 4.8 depicts powder X-ray diffraction (XRD) data for the PEDOT/nanoNi/rGO film, as compared to control PEDOT (undoped), rGO, and its parent GO. The
data did not substantially change over 3 h of operation.
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c)

d)

e)
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Figure 4.7: (a) Scanning electron microscope image of PEDOT/Nano-Ni/rGO containing
125 mg nano-Ni and 5.4 mg rGO. The inset images show the elemental distributions, using
EDX, of: (b) O, (c) Ni, (d) C, and (e) S.

As can be seen, the XRD of the GO displayed a distinctive diffraction peak at
2θ = 10.27° due to the (002) carbon crystalline plane, revealing the presence of oxygen
functional groups on the graphite sheets. 42-47The XRD scan of the rGO shows, however,
that the sharp peak at 10.2° had disappeared and been replaced by a new broad peak
centred at 22.90°, consistent with the oxygen functionalities being significantly
reduced.48-49 As well, a clear diffraction peak at 26.1 o, due to the (002) plane in the
short-range order of stacked graphene sheets, was visible. 50-51 The XRD of pure
PEDOT exhibited a peak at 2θ = 25.90° which could be attributed to the (020) reflection
due to the intermolecular spacing of the polymer backbone.52-53 The XRD of the
PEDOT/nano-Ni/rGO film also displayed a broad peak at 2θ = 17-25° due to the
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Figure 4.8: Powder X-ray diffraction (XRD) of PEDOT/Nano-Ni/rGO containing 125 mg
nano-Ni and 5.4 mg rGO, relative to control PEDOT, control rGO, and control GO.

rGO, as well as two peaks at 2θ 25.84o and 26.02o due to the combination of the PEDOT
and the rGO. A pattern of three peaks at 44.52°, 51.80° and 76.35° were due to the
Ni(111), Ni(200) and Ni(220) planes, confirming the presence of the face centered
cubic (fcc) structure of nickel in the nanoparticles.54
To determine whether the catalysis altered the chemical states and elemental
composition of the PEDOT/nano-Ni/rGO film, it was analysed using XPS after 3 h of
operation. The resulting spectra, which were substantially similar, are depicted by the
individual data points in Figure 4.9. The modelled spectra, shown by the solid lines in
Figure 4.9, closely matched the experimental data.
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Figure 4.9: X-ray photoelectron spectroscopy (XPS) of PEDOT/Nano-Ni/rGO containing 125
mg nano-Ni and 5.4 mg rGO, showing measured data (individual data points) and modelled
data (solid lines) for the: (a) S 2p, (b) C 1s, (c) O 1s, (d) Ni 2p spectra.

The main peaks corresponded to O 1s, C 1s, Ni 2p and S 2p. The O 1s and C 1s
spectra were associated with both PEDOT and rGO, while the S 2s spectrum derived
only from the PEDOT. The C 1s spectrum contained four deconvolution peaks at 284.5,
285.2, 286.90 and 289 eV (Figure 4.9(b)). The peak at 284.5 eV represented a sp 2
carbon hybrid, which related to the C=C binding energy. The peak at 285.2 eV
represented a sp3 carbon hybrid and related to C-S, C-C, and/or C-H binding energies.
Finally, the peaks at 288.0 and 289.0 eV related to C=O and O-C=O binding energies,
respectively.55-64 The S 2p spectrum contained peaks at 163.5 and 165.5 eV, which
related to the binding energy of the 2p 3/2 and 2p½ that correspond to the C-S bond and
S+. These were assigned to the S atoms of the PEDOT fragments. The other two small
peaks relate to the 2p 3/2 and 2p ½ of the sulfonic groups in the pTS structure.65-68 The O
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1s spectrum of the film displayed two peaks at 532 and 533.4 eV. These related to the
binding energy of C=O and/or C-O bonds respectively.69-71 Finally, the Ni 2p spectra
exhibited two main peaks at 855 and 872 eV, relating to 1/2 and 3/2 spin respectively.

4.3.5

Electrochemical Impedance Spectroscopy (EIS) and Tafel Plot
Studies of the PEDOT/Nano-Ni/rGO

To better understand the origin of the synergistic amplification, EIS and Tafel
plot measurements were performed on the most active PEDOT/nano-Ni/rGO electrode
and compared to the control films of nano-Ni/rGO containing 125 mg nano-Ni and 5.4
mg rGO (without PEDOT), control bare Pt, and control PEDOT alone, with and without
light illumination. The individual data points in Figure 4.10(a) and Figure 4.10(c)
depict the measured data from the EIS studies. The bare Pt control produced haphazard,
irreproducible data due, most likely, to interference arising from gas bubble formation.
For this reason it is not depicted. Figure 4.11 shows the Tafel plots.
As can be seen in the Nyqist and corresponding Bode plots (Figures 4.10
(a),(c)), the performance of the control PEDOT samples, with and without illumination,
were governed by diffusion processes with frequencies about the 10 0.5 Hz range. The
nano-Ni/rGO and PEDOT/nano-Ni/rGO samples (with and without illumination) were,
however, dominated by processes at intermediate frequencies (10 1-1.5 Hz), which are
more typical of interfacial and solution charge transfer processes, like adsorption. 72
High frequency components at 10 3-4 Hz were not observed (Figure 4.10(a) inset). It can
be concluded that catalytic hydrogen generation by nano-Ni/rGO and PEDOT/nanoNi/rGO (with and without light illumination) was kinetically controlled.
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(a)

(b)

(c)

Figure 4.10: (a) Nyquist plot, (b) equivalent circuit, and (c) Bode plot; at -0.75 V (vs Ag/AgCl);
showing measured data (individual data points) and modelled data (solid lines) (modelled using
the equivalent circuit depicted in (b)), of: (i) PEDOT/nano-Ni/rGO containing 125 mg nano-Ni
and 5.4 mg rGO (with light illumination), (ii) PEDOT/nano-Ni/rGO containing 125 mg nano-Ni
and 5.4 mg rGO (without light illumination), (iii) control nano-Ni/rGO (without PEDOT)
containing 125 mg nano-Ni and 5.4 mg rGO (with light illumination), (iv) control PEDOT only
(with light illumination), and (v) control PEDOT only (without light illumination).
127

Accordingly, we modelled the EIS data using the equivalent circuit depicted in
Figure 8(b), as used previously. 72-78 The modelled data is shown as the solid lines in
Figure 4.10 (a). As can be seen, there is an excellent match between the measured data
and the modelled data. Table 4.1 provides results deriving from the modelling,
including the ohmic resistance, R o, solution/interfacial/charge transfer resistance, R ct,
and capacitance, which was expressed in terms of a constant phase element (n CPE, and
CCPE).65 The constant phase element provided the best fit of the measured and modelled
data.
The value of CCPE showed a notable increase in going from control PEDOT to
the nano-Ni/rGO film, to the PEDOT/nano-Ni/rGO film, without and, then, with light
illumination. This indicates that the PEDOT/nano-Ni/rGO film had a slightly greater
active area than the nano-Ni/rGO film, and a much greater active area than the control
PEDOT alone. Illumination of the PEDOT/nano-Ni/rGO with light still further
increased its active area.
The PEDOT/nano-Ni/rGO also exhibited more efficient catalysis at -0.75 V vs
Ag/AgCl, as demonstrated by a lower Rct (173.8 Ω cm2 with light illumination, vs 189.5
Ω cm2 without light illumination and 265.6 Ω cm 2 for the nano-Ni/rGO film). The
control PEDOT was substantially less active as evidenced by very high R ct values (1005
Ω cm2 with light illumination, and 749.2 Ω cm 2 without light illumination). The ohmic
resistance Ro was similar for each sample, falling in the range 42.43-45.84 Ω cm2.
Figure 4.11 depicts Tafel plots for the catalysts, with results tabulated in the last
two columns of Table 4.1. The exchange current density, io, indicates the (intrinsic)
catalytic rate for each material at the reversible potential, with an overpotential of zero.
As can be seen, the control PEDOT exhibited the highest io indicating it to be a good
HER catalyst (14.80 mA/cm 2 without light illumination; 15.74 mA/cm 2 with light
illumination).
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Figure 4.11:

The nano-Ni/rGO (without PEDOT) exhibited the highest io of the metalcontaining catalysts (9.07 mA/cm 2), with the bare Pt control following behind (7.02
mA/cm2). The PEDOT/nano-Ni/rGO samples with and without light illumination were,
in fact, the least intrinsically active. However, their lower Tafel slopes (A), particularly
that of PEDOT/nano-Ni/rGO under light illumination, meant that their catalytic activity
was more strongly accelerated by the applied bias than the control nano-Ni/rGO and
control Pt samples.
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Their catalytic activity at -0.75 V (vs Ag/AgCl) was 3.6 mA/cm 2 for
PEDOT/nano-Ni/rGO vs. 2.1 mA/cm2 for the same quantities of nano-Ni/rGO without
the PEDOT. That is, the presence of the PEDOT increased the catalytic rate by 1.5
mA/cm2. The PEDOT/nano-Ni/rGO was also 64% more active than a benchmark,
control bare Pt electrode under identical conditions, which produced 2.2 mA/cm 2. The
above thin-film appears to be the most active PEDOT-based HER catalyst yet reported
as a proportion of the catalytic activity of Pt under the same conditions.

Ro
(Ω cm2)

Rct
(Ω cm2)

QCPE
(µΩ-1cm2 n
s)

nCPE

CCPE
(µFcm2
x104)

Nano-Ni/rGO
(light)
PEDOT/nanoNi/rGO (dark)
PEDOT/nanoNi/rGO (light)

43.57
± 2.33
42.81
± 2.12
45.84
± 2.39
43.38
± 2.24
42.43
± 2.11

1005.0
± 5.3
749.2
± 4.2
265.6
± 1.2
189.5
± 1.3
173.8
± 1.3

96.3
± 2.1
105.0
± 2.0
142.0
± 2.6
156.0
± 2.5
165.0
± 2.6

0.80
±0.23
0.80
±0.21
0.81
± 0.22
0.80
± 0.18
0.81
± 0.16

2.43
± 0.87
2.69
± 0.77
4.20
± 0.72
4.25
± 0.62
4.71
± 0.23

Pt

----

-----

-----

----

-----

Sample

PEDOT (dark)
PEDOT (light)

A
(mV/dec)

io
(µA
cm2)

70.24
±4.22
68.31
±2.85
58.72
±4.30
57.74
±3.96
47.83
±2.34
58.35
±4.56

14.80
±1.23
15.74
±2.23
9.07
±1.55
6.45
±1.11
6.67
±2.11
7.02
±3.44

Table 4.1: Data from modelling of the EIS results in Figure 4.10 (ohmic resistance,
Ro, charge transfer resistance, Rct, and charge transfer capacitance (Cct) expressed
in terms of a constant phase element (nCPE, and CCPE));79 and Tafel plots (slope A;
exchange current density io). The equivalent circuit in Figure 4.10(b) was used to
model the EIS data. (‘dark’ = without light illumination; ‘light’ = with light
illumination).

4.3.6

The Mechanism and Origin of the Catalytic Amplification

At -0.75 V, PEDOT is in its non-conducting form, meaning that it does not
formally have a capacity to conduct electrons. However, in this state, PEDOT is an
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excellent hole (h+) transporting material, meaning that holes formed on the PEDOT
backbone can migrate to the FTO surface.
The catalytic mechanism therefore likely involves protons (H +) being converted
to hydrogen (H2) on a catalytic site in the thin film coating, with electrons being
extracted from a nearby PEDOT chain to facilitate this process. The PEDOT chain is
then left with holes (h +), which migrate through the PEDOT to the surface of the FTO
slide, where they are then quenched by electrons provided via the external circuit. The
rate at which holes are formed and migrate through the PEDOT to the external circuit
will be strongly affected by the applied bias. That is, unlike the previous chapter where
the PEDOT acted as electron conductor, in this case the PEDOT acts as a semiconductor, providing electrons and transporting the resulting holes to the external
circuit.
While the mechanism of charge transport by the PEDOT is clearly different in
this case, it can, nevertheless, be concluded that the catalytic amplification exhibited
by the PEDOT/nano-Ni/rGO film relative to the nano-Ni/rGO control (without
PEDOT) derived from a larger active area that was, additionally, more strongly
activated by the voltage bias (yielding a lower Tafel slope). That is, also in this case,
the presence of the PEDOT synergistically increased the electrochemically active area
of the catalyst and made each catalytic site more responsive to the applied bias (i.e. it
better transmitted the bias).
Despite the different mechanism of charge transport, the PEDOT therefore
connected the largest number of catalytic sites (nano-Ni) by the shortest pathways, as
was previously observed for water oxidation catalysis.11 This is also consistent with a
very particular ratio of catalyst density to film conductivity and thickness being needed
to amplify the catalytic performance beyond what may have been expected from the
catalyst alone. The weight ratio of PEDOT to nano-Ni (125 mg) to rGO (5.4 mg) was,
moreover, very similar to that observed in the previous study on water oxidation
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catalysis (for which the most active composite involved PEDOT with 125 mg nano-Ni
and 6.0 mg rGO).
The above results therefore conform fully with the previously developed
conclusions wherein a thin-film conducting polymer could be induced to amplify
catalytic performance by synergistically matching the charge conductivity (e - or h+)
with the catalytic capacity.
In the previous case of water oxidation catalysis, 11 the amplification was almost
10-fold over bare Pt, whereas it was only 1.64-fold higher than Pt in the present case.
That can largely be explained by the higher io (7.02 µA/cm2) and relatively lower Tafel
slope (58.35 mV/dec) of the control Pt when compared to the most active
PEDOT/nano-Ni/rGO thin film (io 6.67 µA/cm2 and Tafel slope 47.83 mV/dec).
The control Pt was likely relatively more active as an HER catalyst than it was
as a water oxidation catalyst, at least under the conditions employed. It is also possible
that the PEDOT was a better electron conductor in the previous case of water oxidation
catalysis than it was a hole conductor in the present case.
Another notable difference is that the control PEDOT alone (without nano-Ni
or rGO) appears to have been a relatively better HER catalyst than it had been as a
water oxidation catalyst.11 Thus, it exhibited a higher io (14.80 µA/cm2) coupled with a
relatively low Tafel slope (68.31 mV/dec) under light illumination when compared to
the most active PEDOT/nano-Ni/rGO thin film (io 6.67 µA/cm2 and Tafel slope 47.83
mV/dec). The relative activity of the PEDOT appears to be borne out by the fact that
the catalytic rate of the PEDOT control was limited by diffusion, presumably of
protons, into the PEDOT matrix (as demonstrated the Bode plot in Figure 8(c)(iv)).
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4. 3 Conclusions

Uniformly thin, vapour phase polymerized PEDOT films containing nano-Ni
and rGO, on FTO glass, were examined as (photo)electrocatalysts of hydrogen
generation. Composite thin-films incorporating PEDOT : nano-Ni : rGO having 5.6 (C;
PEDOT) : 1 (Ni) : 5.2 (C; other) molar ratios yielded current densities of 3.6 mA/cm 2
(including ca. 200 µA/cm 2 due to light illumination) after 3 h at -0.75 V (vs Ag/AgCl)
under 0.25 sun in 0.05 M H 2SO4/0.2 M Na2SO4. The PEDOT substrate of the above
film made a substantial contribution to this catalytic performance as demonstrated by
the fact that, under identical conditions after 3 h, a nano-Ni/rGO film of equivalent
composition, that did not contain PEDOT, generated only 2.1 mA/cm 2. Moreover, a
comparable Pt thin film yielded only 2.2 mA/cm 2 after 3 h under identical conditions.
Equivalent control PEDOT, PEDOT/nano-Ni, and PEDOT/rGO films were an order of
magnitude less catalytically active. Studies confirmed that the PEDOT, likely acting as
a hole transport medium, brought about the amplification by connecting the largest
number of catalytic sites (nano-Ni) by the shortest, most conductive (for h + migration)
pathways. Gas chromatography confirmed that hydrogen was the sole gas produced by
the most active PEDOT/nano-Ni/rGO thin film. SEM/EDX indicated that the above
film displayed a porous, swelled, open structure, in which the PEDOT largely bridges
and binds the nano-Ni and rGO materials present. TEM indicated that the PEDOT
formed an apparently seamless interface with the nano-Ni lattice and rGO platelets.
XRD and XPS analyses confirmed the elemental composition and chemical structure
of the composite. In demonstrating that a particular ratio of catalyst density to film
conductivity and thickness was needed for the observed catalytic amplification, this
work confirmed earlier findings to the same effect.11
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Synergistic Amplification of Catalytic
Oxygen and Hydrogen Generation from
Water by Thin-Film Polypyrrole Composites
Declaration: Portions of this chapter are drawn from a draft journal article entitled:
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Swiegers. My contribution involved: (i) carrying out the laboratory research and
measurements, (ii) constructing the plots and figures from the data obtained, and (iii) writing
the first draft of the journal article.

5.1

Introduction

Thin film conducting polymers (CP) have been widely used to immobilize
electrocatalysts and photoelectrocatalysts, especially in applications, where oxygen
(O2) and/or hydrogen (H2) are generated from water.1 Polypyrrole (PPy) is an
inexpensive conducting polymer that is thermodynamically stable and readily prepared
by polymerization of its monomer. 1 Light-activated water-splitting semiconductors like
CdS, TiO2 and ZnO display enhanced performances when coated with a thin layer of
PPy.1 In these applications, the semiconductor typically extracts electrons from the low
bandgap PPy, which excites electrons in response to visible light. The electrons are
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sufficiently energetic to reduce water to hydrogen. The holes that remain on the PPy
are then also able to oxidize water, generating oxygen gas. 1
There are believed to be three important features of PPy that make it useful for
catalytic water-splitting applications when combined with a semiconductor: 1 (1) PPy
has a bandgap (2.6 eV) that enhances photoelectrochemical performance under visible
light, (2) the conductivity of PPy accelerates electron transfer during hole creation, and
(3) the stability of PPy suppresses photo-corrosion of the solid-state semiconductor,
thereby enhancing the stability of the system to water oxidation. PPy is also stable in
acidic and neutral solutions, helping to prevent electron–hole recombination reactions
(backward reactions).1-3
The chemical structures and doping method play a significant role in
determining the properties of the PPy in such fabricated photoelectrodes. However,
practical guidelines as to how best to deploy thin-film PPy layers have been notably
absent.
In previous chapters the conditions under which thin-film conducting polymer
supports may be induced to synergistically amplify catalytic performance beyond what
may be expected from the catalyst only, have been studied. These studies showed that
uniformly

deposited

poly(3,4-ethylenedioxythiophene)

(PEDOT)

composites

containing very specific ratios of catalysts (nanoparticulate Ni, ‘nano-Ni’) and
conductors (reduced graphene oxide, rGO) yielded substantially larger (photo)currents
than equivalent, control films, including films that contained the same quantities of
catalysts and conductors without the PEDOT. They also significantly out-performed
the industry-standard, benchmark catalyst for water-splitting, Pt.
In order to further understand this effect, it was of interest to examine it with
another conducting polymer that had a dissimilar capacity for catalysing watersplitting. In this chapter, synergistic amplification of catalytic oxygen and hydrogengeneration by thin-film polypyrrole composites containing nano-Ni and rGO are
discussed. Very similar component ratios to those previously observed with PEDOT,
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also yielded the largest possible catalytic amplifications. The amplifications were,
however, substantially smaller than those produced with PEDOT.

5.2

Results and Discussion

5.2.1 Studies of PPy/nano-Ni/rGO on FTO and Pt as Water Oxidation
(Photo) Catalysts

5.2.1.1

Preparation and Optimization of the PPy/nano-Ni/rGO thin film
for Catalytic Oxygen Generation

In the first stage of this study, uniformly deposited thin-films were prepared of
vapour-phase polymerized PPy containing varying quantities of nano-Ni (av. 20 nm
diameter) and rGO on FTO glass slides (4.2 cm 2). Their performance was then tested
in water oxidation (photo) catalysis in 0.2 M Na 2SO4 aqueous solution, with the pH
adjusted to 12, while biased at 0.8 V (vs Ag/AgCl). These voltage and pH conditions
were the same as those in employed in Chapter 3 involving thin-film PEDOT/nanoNi/rGO water oxidation (photo)catalysis. As in the previous study, GO was initially
incorporated into the PPy and then thereafter partially electrochemically reduced to
rGO (with a charge exchanged, in this case, of 1.9 x 10 -6 C).
The observed trends in respect of the composition of the most active thin-film
were identical to those in Chapter 3, with the highest performing sample also containing
125 mg of nano-Ni and 6.0 mg of rGO. (Figure 5.1 and Figure 5.2). The dark currents
(0.35-0.50 mA/cm2) and full currents under light illumination (0.80-0.90 mA/cm2,
including photocurrents) of the most active PPy/nano-Ni/rGO were, however, generally
lower than those of the equivalent PEDOT/nano-Ni/rGO thin film.
Table 5.1 provides a comparison of the dark currents and currents under light
illumination for the most active of the PPy/nano-Ni/rGO films vs the most active
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Figure 5.1: Chronoamperograms at 0.8 V (vs. Ag/AgCl) in 0.2 M Na2SO4 (pH 12), with and
without light illumination (0.25 sun), of FTO glass slides coated with: PPy/Nano-Ni, where
the quantity of nano-Ni in the vapour phase polymerisation solution was: (a) 0 mg nano-Ni
(PPy only; control), (b) 20 mg nano-Ni, (c) 100 mg nano-Ni, (d) 125 mg nano-Ni, and (e)
135 mg nano-Ni. (*=’light on’, #=’light off’).

Figure 5.2: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1
h of operation, with and without light illumination (0.25 sun), of FTO glass slides coated
with thin films of PPy/nano-Ni/rGO, where the polymerisation mixtures contained 125 mg
of nano-Ni and the following quantities of rGO: (a) 4.8 mg, (b) 5.4 mg, and (c) 6.0 mg.
(*=’light on’, #=’light off’).

144

Composition of thin film
(CP=conducting polymer)

Current density in
dark
(mA/cm2)

Current density in light
(mA/cm2)

PPy

PEDOT

PPy

PEDOT

CP : 100 mg nano-Ni

0.21-0.24

0.23-0.25

0.45-0.46

0.54-0.55

CP : 135 mg nano-Ni

0.27-0.30

0.28-0.29

0.52-0.53

0.57-0.58

CP : 125 mg nano-Ni

0.25-0.26

0.26-0.27

0.58-0.59

0.65-0.66

CP : 125 mg nano-Ni: 4.8 mg rGO

0.36-0.37

0.34-0.37

0.61-0.62

0.62-0.65

CP : 125 mg nano-Ni: 5.4 mg rGO

0.41-0.43

0.57-0.61

0.68-0.69

0.84-0.86

CP : 125 mg nano-Ni: 6.0 mg rGO

0.43-0.47

0.62-0.75

0.84-0.86

0.98-1.15

Table 5.1: Comparison of results from chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M
Na2SO4 (pH 12) over 1 h of operation, with and without light illumination (0.25 sun), of FTO
glass slides coated with thin films of PPy/nano-Ni/rGO or PEDOT/nano-Ni/rGO.

Composition of thin film
(CP=conducting polymer)
CP : 125 mg nano-Ni: 4.8 mg rGO
CP : 125 mg nano-Ni: 5.4 mg rGO
CP : 125 mg nano-Ni: 6.0 mg rGO
125 mg nano-Ni: 6.0 mg rGO

Thickness
(µm)
PPy
0.63
0.65
0.66

PEDOT
0.61
0.61
0.62
0.58

Conductivity
(S/cm2)
PPy
6.06
6.90
7.78

PEDOT
8.30
8.53
8.56
3.80

Table 5.2 Typical conductivities and thicknesses of PPy and PEDOT thin films.

PEDOT/nano-Ni/rGO films under the same conditions. The results clearly show that the
performance of the PEDOT-containing films was not significantly different to the PPycontaining films when only nano-Ni was present. However, the further addition of increasing
amounts of rGO more strongly amplified the performance of the PEDOT-containing films
relative to the PPy-containing films. That is, increasing conductivity had a stronger effect in
the former than the latter thin films.
Table 5.2 provides a comparison of thickness and conductivity for the most active of
the PPy/nano-Ni/rGO films vs the most active PEDOT/nano-Ni/rGO films under the same
conditions of rGO ratios. Practically, it was observed that increases in the amounts of rGO
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present resulted in enhancements of the conductivity of both PEDOT and PPy-containing
films. Secondly, PEDOT-containing films had, in general, lower thicknesses and were more
conductive compared to the same ratios of rGO in PPy-containing films.

5.2.1.2

Performance of Control Thin Films

Figure 5.3 depicts chronoamperograms of the control coatings, over 1 h (I) and
over the first few minutes (II). As can be seen, they all yielded notably lower currents
compared to PPy/nano-Ni/rGO containing 125 mg nano-Ni and 6.0 mg rGO (Figure
5.3(c)). For example, the control coating comprised of 6.0 mg rGO and 125 mg nanoNi only (without any PPy) yielded a current density under light illumination of 0.65 0.70 mA/cm2, which was around 25% lower than the current density of the PPy film
containing 125 mg nano-Ni and 6.0 mg rGO. That is, the presence of the PPy in the
most active thin film amplified the current density by 25%.
Figure 5.3(II) also shows that all of the alternative oxidation processes
(involving oxidation or partial oxidation of the components of the film themselves)
were complete within 3 min, with stable dark currents obtained thereafter. The charge
involved in oxidation of the PPy itself (Figure 3(II)(b) was calculated to be 0.379 C,
while the charge required to oxidize the nano-Ni surface to Ni oxide was 0.293 C.

5.2.1.3

Performance of the Most Active PPy/nano-Ni/rGO thin film on Pt

We further tested the most active PPy/nano-Ni/rGO thin film on a sputtered,
bare Pt electrode. The film had a thickness of 0.66 µm, with a conductivity (measured
on a non-conducting glass slide) of 7.78 S/cm. Figure 5.4(c) shows that, on Pt/FTO, the
thin film produced dark currents of 0.40-0.50 mA/cm2 and photocurrents of 0.47-0.50
mA/cm2 to give a total current of 0.90-0.97 mA/cm2 (Figure 5.4(c)), which was far in
excess of the currents generated by the bare Pt film (0.15 mA/cm2) (Figure 5.4(b)).
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They were also larger than the equivalent currents of the control PPy alone (Figure
5.4(a)). The higher currents of the PPy/nano-Ni/rGO on Pt/FTO compared to FTO
alone can be ascribed to the diminished sheet resistance arising from the presence of
the more conductive metallic Pt layer on the Pt/FTO substrate.

(I)

(II)

(c)
(b)
(a)

Figure 5.3: Chronoamperograms over 1 h (I) and in the first few minutes (II) at 0.80 V (vs
Ag/AgCl) in 0.2 M Na2SO4 (pH 12), with and without light illumination (0.25 sun), of FTO glass
slides coated with control thin films comprising of: (a) 6.0 mg rGO only, (b) PPy containing 6.0
mg rGO, and (c) 6.0 mg rGO and 125 mg nano-Ni only (without any PPy). (*=’light on’, #=’light
off’).
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Figure 5.4: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of
operation, with and without light illumination (0.25 sun), of FTO glass slides coated with thin
films of: (a) bare Pt, (b) Pt overcoated with PPy/nano-Ni/rGO containing 125 mg nano-Ni and
6.0 mg rGO, and (c) PPy only (control). (*=’light on’, #=’light off’).

Table 5.3 summarises the data and provides a comparison with the same data
where PEDOT was the conducting polymer. As can be seen, the trends are very similar
for PPy and PEDOT, with the PEDOT slightly outperforming the PPy.

Composition of thin film
(CP=conducting polymer)
CP : 125 mg nano-Ni: 6.0 mg rGO
CP only
Bare Pt

Current density in dark
(mA/cm2)
PPy

PEDOT

0.62-0.75
0.43-0.47
0.07-0.08
0.06-0.07
0.136-0.150

Current density in
light (mA/cm2)
PPy

PEDOT

1.10-1.15
0.93-1.00
0.10-0.11
0.08-0.09
0.136-0.150

Table 5.3: Comparison of results from chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M
Na2SO4 (pH 12) over 1 h of operation, with and without light illumination (0.25 sun), of FTO
glass slides coated with thin films of PPy/nano-Ni/rGO or PEDOT/nano-Ni/rGO vs controls.
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Figure 5.5: Chronoamperogram at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 50 h of
operation, with and without light illumination (ca. 0.25 sun), of an FTO glass slide coated with a
thin film of Pt overcoated with PPy/nano-Ni/rGO, where the polymerisation mixture contained 125
mg of nano-Ni and 6 mg of rGO (*=’light on’, #=’light off). The inset graph depicts the pH change
during the first 20 h of the experiment.

The PPy/nano-Ni/rGO on Pt/FTO was found to yield a consistent 0.92-1.00
mA/cm2 for over 42 h of constant light illumination (Figure 5). When the light was
thereafter turned off and on again, the current first fell to its earlier measured dark
current and then went back up to its full current, including photocurrent, up to the 50 h
mark.
The charge exchanged during the 50 h of operation was calculated to be 682.7
C, which is enough to 1-electron oxidize every pyrrole monomer and C-atom in the
rGO within the thin film approximately 4-times over. That is, one quarter of the total
charge passing through the electrode was more than sufficient to over-oxidize the PPy
coating, causing it to delaminate and disintegrate, and to oxidatively destroy the rGO.
The fact that this did not occur indicates, unambiguously, that only a small proportion
of the observed currents could have been involved in side-reactions with the coatings.
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The performance of the PPy thin film differed from that of the equivalent
PEDOT thin film in that its current displayed a consistent, if small decline over the 50
h of testing.

The highest current (1.00 mA/cm 2) was obtained after about 4 h.

Thereafter, the current fell slowly to about 0.92 mA/cm 2 after 50 h (Figure 5.5).
A distinct pH change, consistent with water oxidation catalysis, was also
observed (Figure 5 inset graph).

5.2.1.4

Studies on the Gas Produced; the Faradaic Efficiency

The gas in the gas bubbles produced by the most active PPy/nano-Ni/rGO thinfilm was collected and tested by gas chromatography using the method and cell
described in the experimental section (Chapter 2). This showed the generated gas to be
oxygen (Figure 5.6). A trace of hydrogen was also observed. The hydrogen likely
crossed over from the cathode, through the ion-permeable Nafion membrane that
separated the two half-cells. Tiny N2 peaks were also detected on occasion; these likely
derived from small amounts of air that got into the system. The gas ratios were typically
measured to be around 82%-85% O2 and 11%-15% H2, with or without light

Figure 5.6: GC traces of gases collected of OER system
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illumination. Up to 4% N2 was detected. No CO 2 or CO was detected using GC,
indicating that the rGO in the PPy/nano-Ni/rGO film was stable to oxidation during gas
generation. Gas bubbles generated at the Pt mesh counter electrode were separately
shown to be pure H2 using the same equipment.
Integration of the oxygen peak in the GC (described in Chapter 2) indicated that
the carrier gas that passed through the column contained 63.5% (dark) and 64.1% (with
light illumination) of the expected volume of oxygen based on the electrons passing
through the electrode. As noted earlier, these values are under-estimates because the
cell used was not gas tight, meaning that an unquantified volume of oxygen leaked out.
As such, they represent the minimum Faradaic efficiency of the process. The absence
of other available oxidation pathways suggests that the actual faradaic efficiency was
likely closer to 99.9% (since less than 0.1% of the charge over 50 h could have gone
into oxidation to reverse the reduction that occurred during creation of the rGO from
GO).
5.2.1.5 Characterisation of the Most Active PPy/nano-Ni/rGO Thin Film

Elemental analysis of the most active PPy/nano-Ni/rGO film was determined
to be 26.00% Ni, 4.15% N, and 39.42% C with no Fe. As only the PPy contains the
element N, while the rGO contains only C and the nano-Ni only Ni, it was possible to
calculate the molar ratio of PPy : Ni : rGO to be 0.67 (N; PPy) : 1 (Ni) : 4.75 (C; other).
This was low in PPy monomer relative to PEDOT monomer in the equivalent PEDOT
film.
The morphology of the most active PPy/nano-Ni/rGO film was examined using
scanning electron microscopy (Figure 5.7(a)). As can be seen, the structure is highly
porous. EDX-mapping (Figure 5.7(a)(i)-(iv)) indicated uniform distributions of Ni
(nano-Ni), C (PPy and rGO), O (rGO and pTS), and N (PPy) over the film.
.

151

(i)

(ii)

(iii)
)

(iv)
)

(a)

(c)

(b)

Figure 5.7: (a) Scanning electron microscopy image of PPy/Nano-Ni/rGO containing 125 mg
nano-Ni and 6.0 mg of rGO. The inset images show the elemental distributions, using EDX, of: (i)
N, (ii) O, (iii) C, (iv) Ni. (b) Transmission electron microscopy image of PPy/Nano-Ni/rGO,
showing the rGO plates and the nano-Ni particles. (c) TEM of the nano-Ni/PPy interface.
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Transmission electron microscopy (TEM) (Figure 5.7(b)) showed that the nanoNi particles - rGO platelets were generally separately enveloped by the PPy and not in
close contact with each other. The nano-Ni particles, which were 20-50 nm in diameter
can be seen as the dark structures in Figure 5.7(b), while the rGO plates, which were
ca. 200-300 nm wide and long, are shown as the light-coloured background structures
in Figure 5.7(b). Figure 5.7(c) shows that the PPy made seamless contact with the Ni
lattice. This was also true for the rGO. In respect of the TEM work, the PPy thin films
were structurally very similar to the earlier studied PEDOT films.
X-ray photoelectron spectroscopy (XPS) model (XPS, PHI660) using a
monochromatic Mg K as X-ray source was used to determine the elemental
composition and chemical states of the PPy/nano-Ni/rGO film. Figure 5.8 depicts the
measured data as the individual points shown. Modelling results are shown by the solid
lines
The survey spectrum displays main peaks for O 1s, C 1s, Ni 2p and N 1s. The
O 1s and spectra can refer to rGO while C 1s spectra can refer to either PPy or rGO
while the N 1s spectrum can only derive from PPy. The C 1s spectra contain
deconvolution peaks at 283.99, 284.5, 285.1, 286.8, 288.1, 288.9 and 291.2 eV (Figure
5.8(a)). The peak at 283.5 eV could represented a sp 2 carbon hybrid, which relates to
the binding energy of C=C bonds, while the peak at 284.3 eV represent a sp 3 carbon
hybrid and can refer to C-C or C-H. The peak at 285.1 eV refers to the binding energy
of the C-N bond. Finally, 286.8, 288.1, 288.9 and 291.2 eV refer to C-O, C=O, O-C=O
and π – π interactions binding bonds respectively.4-9 The O 1s spectra of the film has
mainly three peaks at 529.8, 531.2, 532.5 and 532.5 eV that are due to the binding
energy of Ni-O, C=O, C-O-H and C-O-C10-12bonds respectively. The N 1s spectra
contained peaks at 499.97, 498.48, 401.88 eV, which refer to the binding energy of –
NH-, =N- and N+.13-15 Finally, for the Ni atom spectrum, there are two main peaks
referring to Ni 2p 1/2 and 2p3/2 transitions in the range 854.7–861.2 eV, as can be seen in
Figure 7(d). The main peak falls at ca. 854.7 eV with an intense satellite calculated at
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861.2 eV representing Ni 2p 1/2, while the peak at 872.2 eV with an intense satellite at
879.0 eV is due to the presence of Ni 2p 3/2 . These are both characteristic of the Ni 2+
ion.16

Figure 5.8: XPS spectra of the PPy/nano-Ni/rGO film that contained 125 mg of nano Ni and 6.0
mg of rGO (where: (a), (b), (c) and (d) represent the spectra of N 1s, C 1s, O 1s and Ni 2p
respectively. N 1s spectra derive from to the PPy while C 1s and O 1s can refer to either PPy or
rGO. Ni 2p refers to nano-Ni).
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5.2.1.6 EIS and Tafel Plot Studies

Electrochemical impedance spectroscopy (EIS) and Tafel plot studies were
undertaken at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12). Figure 5.9(a)-(b) depict
Nyquist and Bode plots respectively, of the Pt electrode overcoated with: PPy/nanoNi/rGO containing 125 mg nano-Ni and 6.0 mg of rGO (with and without light
illumination) (curves (iv)-(v) in Figure 5.9), the control, bare Pt (curve (iii) in Figure
5.9), and control PPy-only electrodes (with and without light illumination) (curves (i)(ii) in Figure 5.9).
It was also observed that there were two distinct semicircles of impedance. The
first sits in the range (10-100 Hz), which is clearly demonstrated in Figure 5.9(a)-(b),
with a small semicircle at high frequencies (1,000-10,000 Hz) that is barely discernible
at low Z values in the inset graph in Figure 5.9(a). The latter is characteristic of charge
transfer that occurred during catalysis.
At pH 12, intermediate to low frequency processes can refer to adsorption,
involving transfer of ions (charge carriers) from the diffuse layer to the catalyst.17 The
EIS data was therefore modelled with the equivalent circuit shown in Figure 5.9(c).18
The modelled data provided an excellent match with the measured data.
The modelled data is provided in Table 5.4. For comparison purposes the
equivalent data for PEDOT/nano-Ni/rGO on Pt is also listed in Table 5.4. As can be
seen, the resistance associated with adsorption, R ad, and the charge transfer resistance,
RCT, of the PPy/nano-Ni/rGO film was larger than that of the equivalent PEDOT/nanoNi/rGO thin film (R ad 165.8 Ω cm2 vs. 110.4 Ω cm2; and RCT 111.6 Ω cm2 vs 103.2 Ω
cm2, with light illumination; Rad 179.2 Ω cm2 vs 132.4 Ω cm2; and RCT 133.8 Ω cm2
vs125.3 Ω cm2, without light illumination). They were, however, still lower than the
bare Pt (Rad 270.4 Ω cm2 and RCT 120.7 Ω cm2). This may be due to the presence of an
oxide layer, which is known to form on Pt in basic solution.19 In addition, the
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(a)

(c)

(b)

(ii)
(ii)

(iv)
(iii)

(v)

(d)

Figure 5.9: (a) Nyquist and (b) Bode plots at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12), showing
measured data (individual data points) and modelled data (solid lines) using the equivalent circuit
depicted in (c), as well as (d) Tafel plots of: (i) PPy only (dark; no light illumination), (ii) PPy only
(with light illumination), (iii) Pt only, (iv) Pt overcoated with PPy/nano-Ni/rGO containing 125 mg
nano-Ni and 6.0 mg rGO (dark; no light illumination), and (v) Pt overcoated with PPy/nano-Ni/rGO
containing 125 mg nano-Ni and 6.0 mg rGO (with light illumination).
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corresponding semiconducting Ni oxide layer on the nano-Ni in the PPy/nano-Ni/rGO
may be activated by the light illumination. NiO is well known as a semiconductor that
can absorb light, generating more charge carriers, thereby enhancing the overall activity
of water splitting.

Sample

Rel

Rad

Cdl

RCT

QCPE

Ω cm2

µF
cm-2
16.1
± 0.2

Ω cm2

A
mV/dec

nCPE

CCPE

io

148.3
± 2.7

µΩ-1
cm-2sn
0.07
±0.03

0.88
±0.11

µF
cm-2
0.01±
0.01

277
±14

μA
cm2
20.60
±3.74

PEDOT (dark)

18.90
± 1.60

Ω
cm2
420.3
± 3.4

PPy (dark)

18.85
± 1.40

739.9
± 2.6

3.3
± 1.6

227.1
± 2.9

0.02
± 0.03

0.97
± 0.10

0.01±
0.01

271±
14

19.13
±2.65

PEDOT (light)

17.26
± 1.30

400.1
± 2.6

20.9
± 1.5

122.9
±3.3

0.14
±0.04

0.88
± 0.12

0.02±
0.01

272±
13

25.88
±3.55

PPy (light)

17.14
± 1.20

672.1
± 1.4

3.7
± 1.5

186.2
± 3.1

0.03
± 0.04

0.96
± 0.11

0.02±
0.01

265±
13

22.69
±2.44

Pt only

19.73
± 1.20

270.4
± 12.4

9.9
± 0.5

120.7
± 2.1

0.06
±0.01

0.92
± 0.32

0.02±
0.01

250±
14

50.46
±4.22

Pt/PEDOT/nano
-Ni/rGO (dark)

17.26
± 0.85

132.4
± 0.8

34.0
± 0.2

125.3
±1.2

0.25
±0.01

0.89
± 0.21

0.05±
0.01

110±
6

15.20
±2.11

Pt/PPy/nanoNi/rGO (dark)

16.89
± 1.20

179.2
± 1.0

1.7
± 0.3

133.8
± 1.1

0.06
± 0.02

0.04±
0.001

118±
7

12.90
±2.22

Pt/PEDOT/nano
-Ni/rGO (light)

17.16
± 1.10

110.4
± 0.3

38.9
± 0.2

103.2
±1.7

0.40
±0.03

0.08±
0.01

104±
4

17.97
±2.33

Pt/PPy/nanoNi/rGO (light)

16.72
± 1.30

165.8
± 0.5

2.4
± 0.12

111.6
± 1.7

0.07
± 0.05

0.05±
0.01

112
±3

14.25
±2.15

0.96
± 0.18
0.88
± 0.14
0.96
± 0.12

Table 5.4: Data from modelling of electrochemical impedance spectroscopy (ohmic
resistance (Rel), adsorption resistance (Rad), diffuse layer capacitance (C dl), catalytic
charge transfer resistance (R CT), and capacitance expressed in terms of a constant
phase element (Q CPE, nCPE, and CCPE)).20 Data from Tafel plot studies (slope (A),
exchange current density (io)). (‘dark’ = without light illumination; ‘light’ = with light
illumination)
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The Bode plots show that the major resistance in the PPy/nano-Ni/rGO film
was adsorption, which shows up in the 10-100 Hz range. This was also observed in the
equivalent PEDOT/nano-Ni/rGO thin film. By contrast, the major resistance for bare
Pt was the charge transfer resistance, which appears in the 100-10,000 Hz range. In
other words, the major impediment to reaction likely involved absorption of the water
reactant to the PPy/nano-Ni/rGO catalyst. For bare Pt this was less of an impediment.
The Ohmic resistance (R el) of PPy/nano-Ni/rGO on Pt was somewhat lower
than for the equivalent PEDOT thin film. For this reason the film PPy/nano-Ni/rGO
on Pt can exhibts higher current than PEDOT film according to Ohm’s law.
The most surprising aspect of the PPy/nano-Ni/rGO data is its much lower
electroactive area per unit area than the equivalent PEDOT/nano-Ni/rGO (as can be
seen in Table 5.4, the C dl of PPy/nano-Ni/rGO was 1.70 µF cm -2 in the dark, increasing
to 2.40 µF cm-2 under light illumination. These values are more than 4 times smaller
than the Cdl values for the equivalent PEDOT/Nano-Ni/rGO. It can be concluded that
PPy has less activity than PEDOT which resulting in decreases Cdl of PPy/nano-Ni/rGO
film if compaired to PEDOT/Nano-Ni/rGO film. The less conductivityof PPy results in
lower synergitic effects through PPy/nano-Ni/rGO contents in both stated dark and
light. Concequently, this effect reduces the catalyst behaviour in overall water –
splitting reaction. Therefore, the electrochemical propteries of PPy has crucial rules in
PPy/nano-Ni/rGO film performance.
This could be one of the reasons that the PPy/Nano-Ni/rGO exhibits current
densities lower than the equivalent PEDOT/Nano-Ni/rGO film. Thus, for example,
Figure 5.3 shows that the current density of Pt/PPy/Nano-Ni/rGO under illumination
fell in the range 0.92-1.00 mA/cm2, while the equivalent PEDOT/Nano-Ni/rGO
exhibited 1.10-1.15 mA/cm2, which is about a 20% difference. The electrochemically
active area was 75% smaller but there was the increase in the catalytic activity was
approximately 3-fold. That is, the catalytic activity per unit active area of the PPy/nano-
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Ni/rGO thin film must have been around 3-times that of the equivalent PEDOT/nanoNi/rGO film.
The Tafel plots of the catalysts (Figure 5.9(d), and Table 5.4, last two columns)
describe their overall catalytic performance, not taking into account their differing
electrochemically active area. As can be seen, the thin films involving PPy displayed,
in all cases, higher Tafel slopes and smaller exchange current densities (io) than the
equivalent PEDOT film (both with and without light illumination). Thus, the PPy thin
films were intrinsically less active (lower io values) and were also less activated by the
application of a voltage bias (higher Tafel slopes). For example, the PPy/nano-Ni/rGO
film required 112 mV (with light illumination) and 118 mV (without light illumination)
to increase the reaction rate by a factor of 10, while the PEDOT/Nano-Ni/rGO only
required 104 mV (with light illumination) and 110 mV (without light illumination).
Interestingly, the io values of the control PPy thin films, containing only PPy,
were notably larger than those of the most active PPy/nano-Ni/rGO film, but not as
high as the equivalent PEDOT only control films. Given that the PPy film has an
approximately 4-fold smaller active area, it can be concluded that pristine PPy is,
intrinsically, around 4-time more active per unit area in water oxidation catalysis than
pristine PEDOT.

5.2.1.7 Summary: Water Oxidation by the Most Active PPy/nano-Ni/rGO
Thin Film

PPy-films containing nano-Ni and rGO have been studied as electrocatalysts
and photoelectrocatalysts of the oxygen evolution reaction (OER) in 0.2 M Na 2SO4
with the pH adjusted to 12. While the control PPy, PPy/nano-Ni, and PPy/rGO films
were catalytically weaker, films containing PPy: nano-Ni: rGO in a molar ratio of 1.0
(N; PPy): 1.49 (Ni): 7.07 (C; other) proved to be highly active, particularly over long
times (50 hours). The above PPy/nano-Ni/rGO on Pt/FTO film generated a sustained
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current density of 0.93-1.00 mA/cm2 at 0.80 V (vs Ag/AgCl) over >45 h of operation
under constant light illumination of 0.25 sun. This was an order of magnitude greater
than an equivalent bare Pt electrode, which produced <0.15 mA/cm 2 under the same
conditions. GC confirmed that oxygen was the sole gas generated. SEM/EDX, TEM,
XPS, EIS and Tafel plot studies showed that the catalytic amplification was created by
the PPy in the above film.

5.2.2

Studies of PPy/nano-Ni/rGO as Hydrogen Reduction (Photo)
Catalysts

5.2.2.1

Studies of the PPy/nano-Ni/rGO thin films in Catalytic Hydrogen
Generation

In the first stage of this study, films of vapour-phase polymerized PPy containing
varying quantities of nano-Ni (av. 20 nm diameter) and rGO on FTO glass slides (4.2
cm2) were prepared and tested in (photo) catalysis of the hydrogen evolution reaction
(HER) (2 H+ + 2 e- -> H2) in 0.05 M H 2SO4 / 0.2 M Na2SO4 at –0.75 V vs Ag/AgCl
(Figure 5.10). These voltage and pH conditions were the same as those in employed in
the Chapter 4 studies involving PEDOT/nano-Ni/rGO thin-films. As in Chapter 4, GO
was initially incorporated into the PPy and then thereafter partially reduced to rGO
(with a net charge exchanged of ~1.9 x 10-6 C).
The observed trends in respect of the composition of the most active thin-film were
essentially identical to those in the earlier PEDOT studies, with the highest performing sample
also containing 125 mg of nano-Ni and 5.4 mg of rGO. Figure 5.10 depicts the optimization
chronoamperograms showing that, for the PPy, the greatest catalytic effect was also obtained
with 125 mg of nano-Ni and with 5.4 mg of rGO. The dark current (1.95-2.25 mA/cm2) and
full current under light illumination (2.35-2.40 mA/cm2, including photocurrent) of the most
active PPy/nano-Ni/rGO were, however, generally lower than those of the equivalent
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PEDOT/nano-Ni/rGO thin film (Table 5.5). The most active film was 0.65 µm thick with a
conductivity of 6.90 S/cm.
Table 5.5 provides a comparison of the dark and light current densities for the most
active of the PPy/nano-Ni/rGO films vs the most active PEDOT/nano-Ni/rGO films under the
same conditions. The table clearly shows that the performance of the PEDOT-containing films
was not significantly different to the PPy-containing films when only nano-Ni was present.

Figure 5.10: Chronoamperograms at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of
FTO glass slides coated with PPy/nano-Ni/rGO after 3 h of operation, with and without light
illumination, where the coatings all contained 125 mg nano-Ni but where the rGO present
varied as follows: (i) 5.4 mg rGO, (ii) 6.0 mg rGO, or (iii) 4.8 mg rGO. (*=’light on’, #=’light
off).
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Composition of thin film
(CP=conducting polymer)

Current density in dark
(mA/cm2)

Current density in light
(mA/cm2)

PPy

PEDOT

PPy

PEDOT

CP only

0.046-0.047

0.040-0.041

0.055-0.054

0.047-0.048

CP : 125 mg nano-Ni

0.055-0.056

0.050-0.049

0.063-0.064

0.056-0.057

CP : 5.4 mg rGO

0.065-0.066

0.063-0.064

0.077-0.078

0.073-0.074

CP : 125 mg nano-Ni: 4.8 mg rGO

1.81-1.82

2.60-2.61

1.90-1.91

2.78-2.80

CP : 125 mg nano-Ni: 5.4 mg rGO

2.18-2.20

3.34-3.37

2.38-2.60

3.58-3.60

CP : 125 mg nano-Ni: 6.0 mg rGO

2.00-2.15

2.90-3.10

2.12-2.15

3.16-3.18

Table 5.5: Comparison of results from chronoamperograms at -0.75 V (vs Ag/AgCl) in 0.05
M H2SO4/0.2 M Na2SO4 of FTO glass slides coated with thin films of PPy/nano-Ni/rGO or
PEDOT/nano-Ni/rGO.

However, the further addition of increasing amounts of rGO more strongly amplified the
performance of the PEDOT-containing films relative to the PPy-containing films. That is,
increasing conductivity had a stronger effect in the former than the latter thin films. This was
also observed for water oxidation catalysis.
Figure 5.11 depicts chronoamperograms for the control films. Figure 5.12 shows the
performance of the most active PPy/nano-Ni/rGo film over 3 h as a comparison with control
bare Pt and the control film containing only 125 mg nano-Ni and 5.4 mg rGO only (without
any PPy). As can be seen, the PPy-free film yielded a current density, after 3 h of operation
under light illumination, of 2.10 mA/cm2 (Figure 5.11(i)), which was around 24% lower than
the 2.60 mA/cm2 current density of the PPy film containing 125 mg nano-Ni and 5.4 mg rGO
(Figure 5.11(ii)). That is, the presence of the PPy in the most active thin film amplified the
current density by 24%.
The PPy film containing 125 mg nano-Ni and 5.4 mg rGO also outperformed the bare
Pt control after 3 h, which yielded 2.2 mA/cm2 after 3 h (Figure 5.11(iii)).
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Figure 5.11: Chronoamperograms at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4, after 3 h of
operation, with and without light illumination (0.25 sun), of FTO glass slides coated with: (a) (i) PPy
alone, (ii) PPy/nano-Ni, (iii) PPy/rGO; and (b) PPy/nano-Ni/rGO. (*=’light on’, #=’light off). Note
that the data in graph (b) is in mA/cm2 whereas the data in graphs (a) are in µA/cm2.

Figure 5.12 Chronoamperograms at –0.75 V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of FTO
glass slides coated with: (i) nano-Ni/rGO (125 mg nano-Ni/5.4 mg rGO; without light illumination),
(ii) PPy/nano-Ni/rGO (with light illumination; 0.25 sun), and (iii) bare Pt (without light illumination).
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Composition of thin film

Current density in
Current density in
dark
light (mA/cm2)
(CP=conducting polymer)
(mA/cm2)
PPy
PEDOT
PPy
PEDOT
CP : 125 mg nano-Ni: 6.0 mg rGO
3.34-3.37
3.58-3.60
2.18-2.20
2.38-2.60
125 mg nano-Ni: 6.0 mg rGO
1.87
2.10
Bare Pt
2.20
2.20
Table 5.6: Comparison of results after 3 hours operation, from chronoamperograms at -0.75
V (vs Ag/AgCl) in 0.05 M H2SO4/0.2 M Na2SO4 of FTO glass slides coated with thin films of
PPy/nano-Ni/rGO or PEDOT/nano-Ni/rGO vs controls.

In summary; it is clear that, for hydrogen generation catalysis, like PEDOT, the most
active PPy thin-film:
-

contained 125 mg Nano-Ni and 5.4 mg of rGO;

-

outperformed control bare Pt; and

-

outperformed a control thin-film comprising only 125 mg nano-Ni and 5.4 mg
rGO.

Moreover, as for water oxidation, the performance of that most active PPy film was generally
lower than the equivalent PEDOT film.
The nano-Ni/rGO components of the most active PPy/nano-Ni/rGO film produced
about 75% of the electrocatalytic effect, with the PPy producing the rest. Given that the lightinduced current density comprised only about 5% of the total, it seems that the PPy may have
largely acted to amplify the simple electrocatalysis (not photoelectrocatalysis) in this case. At
–0.75 V (vs Ag/AgCl), PPy is in its reduced, non-conducting form.

5.2.2.2 Gas Collection Studies of PEDOT/Nano-Ni/rGO on FTO

Gas chromatography was used to determine and identify the gas in the bubbles formed
on the most active PPy/nano-Ni/rGO thin film on the FTO working electrode. A custom built
cell and dedicated gas chromatograph (as described in Chapter 2) was used to collected and
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characterize the gas produced at –0.75 V vs Ag/AgCl. In addition to the Ar carrier gas, the GC
trace over 30 min of elution time contained only a single peak whose retention time
corresponded to hydrogen (Figure 5.13). Peaks due to other possible gases, including air
nitrogen and/or oxygen, were notably absent. Gas bubbles formed on the Pt mesh counter
electrode were also (and separately) shown to be pure oxygen using the same equipment.

5.2.2.3 Characterization of the Most Active PPy/Nano-Ni/rGO Electrode

To establish the composition of the most active PPy/nano-Ni/rGO film on the working
electrode, elemental analysis studies were undertaken. These indicated that they contained
28.0% Ni, 3.42% N and 37.04% C with no Fe. As only the PPy contains the element N, while
the rGO contains only C and the nano-Ni only Ni, it was possible to calculate their molar ratio

Figure 5.13: GC traces of gases collected of HER system
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to be 0.51 (PPy monomer) : 1.00 (Ni) : 4.43 (C; other). By comparison the equivalent PEDOT
film had a molar ratio of 0.93 (PEDOT monomer): 1.00 Ni: 5.20 (C; other). That is, there was
less PPy monomer present in the film than there had been PEDOT monomer in that film.
The morphology of the PPy/Nano-Ni/rGO film after 3 h of operation was examined
using Scanning Electron Microscopy (SEM). Figure 5.14 depicts an SEM image of the
deposited film, showing that the surface had changed to the highly porous structure shown.
EDX-mapping (Figure 5.14, insets) indicated uniform distributions of Ni (nano-Ni), C (rGO
and PPy), and N (PPy).

Figure 5.14: Scanning electron microscope image of PPy/Nano-Ni/rGO (main picture) after 3
h of operation. The insets depict the distribution of the following elements according to EDX
mapping (top from left to right): C, O, N and Ni, while the depiction at bottom left represents
all of these elements in the film.
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Powder X-ray diffraction (XRD) patterns of GO, rGO, PPy and PPy/nano-Ni/rGO
were recorded (Figure 5.15). XRD patterns of GO displayed a diffraction peak at 2θ = 10.2°
due to the (002) carbon crystalline plane, revealing the introduction of oxygen functional
groups on the graphite sheets.21-26 The XRD scan of rGO confirmed that the sharp peak at
10.2° completely disappeared and a new broad peak, centered at 22.90°, formed, which clearly
suggests that the oxygen rich functionalities were significantly reduced and thereby rGO was
formed.27-28Also, a clear diffraction peak displayed at 26.2o, due to the (002) short-range order
in the stacked graphene sheets.29-30

Figure 5.15: Powder X-ray diffraction (XRD) of PPy/Nano-Ni/rGO and control: PEDOT,
rGO, and GO.
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PPy displays peaks at 19.5° and 23° due to the π–π interactions along the polypyrrole
chain, similar to that of aromatic groups, revealing the regular array of polypyrrole molecules.
PPy is semicrystalline in nature and the crystallinity exists due to the folding of
polymer chain into single or double helix formation.31-34 The XRD of the most active
PPy/nano-Ni/rGO film also showed pattern peaks at 2θ 18.68o, 23.30o and 26.16o, confirming
the contribution of PPy and rGO that shifted due to their combination together in the
PPy/nano- Ni/rGO film. A pattern of three peaks appeared at 44.45°, 51.76° and 76.41° due
to Ni(111), Ni(200) and Ni(220), clearly confirming the presence of the face centered cubic
(fcc) structure of bulk nickel nanoparticles plane respectively.35-36

SEM, TEM, and XRD analyses were performed on samples after catalytic testing in
order to assess the structural stability of the catalytic film. No significant change could be
observed other than a relative increase in porosity. This suggested that the structure and
composition of the film was set during the polymerization process and did not significantly
change thereafter.

X-ray photoelectron spectroscopy (XPS) model (XPS, PHI660) using a
monochromatic Mg K as X-ray source was used to establish the elemental composition and
chemical states of PPy/nano-Ni/rGO film (Figure 5.16). The survey spectrum demonstrated
main peaks for O 1s, C 1s, Ni 2p and N 1s. The O 1s spectra can refer to rGO while C 1s
spectra can refer to PPy and rGO, while the N 1s spectrum can only refer to PPy. The C 1s
spectra was modelled with deconvolution peaks at 283.96, 284.4, 285, 286.5, 288, 289 and
291.2 eV (Figure 5.16(b)). The peak at 283.96 eV could represent sp2 carbon hybrid which
related to C=C binding energy, while the peak at 284.4 eV represented sp3 carbon hybrid and
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Figure 5.16: X-ray photoelectron spectroscopy (XPS) of PPy/Nano-Ni/rGO after 3 h operation.

can refer to C-C, C-H. The peak at 285 eV refers to C-N binding energy bond. Finally, 286.5,
288, 288 and 291.2 eV refer to C-O, C=O, O-C=O and π – π interactions binding bonds
respectively.4, 6-9, 37-39 The N 1s XPS spectra contained peaks at 499.97, 498.48, 401.88 eV and
refer to binding energy bonds of –NH-, =N- and N+.13-15The O 1s XPS spectra of the film has
three peaks at 531.2, 532.5 and 533.5 eV due to the binding energy of C=O, C-O-H and C-OC bonds respectively.40-43 Finally, the Ni 2p spectra exhibited two main peaks at 854.1 and
872.8 eV, relating to 1/2 and 3/2 spin respectively.44

169

5.2.2.4

Electrochemical Impedance Spectroscopy (EIS) and Tafel Plot Studies
of the PEDOT/Nano-Ni/rGO

As for the study of the PEDOT/nano-Ni/rGO electrode system in H2 generation, EIS
and Tafel plot studies were done for PPy/nano-Ni/rGO electrodes and compared with control
films of nano-Ni/rGO, Pt, and PPy alone (with and without light illumination) (Figure 5.17).
Similar EIS results were obtained with the control PPy samples (with and without
illumination) being controlled by mass transport (diffusion) processes at low frequencies
(about the 100.5 Hz) while the most active PPy/nano-Ni/rGO film (with and without
illumination) was controlled by interfacial and charge transfer processes at intermediate
frequencies (101-1.5 Hz).
Figure 5.17(b) shows the equivalent circuit used to model that data. The modelling is
depicted by the solid lines in Figure 5.17(a), while the dots show the experimentally measured
data. As can be seen, there is an excellent match between the measured data and the modelled
data. Table 5.7 provides results deriving from the modelling, including the ohmic resistance,
Rel, solution/interfacial/charge transfer resistance, Rct, and capacitance, which was expressed
in terms of a constant phase element (nCPE, and CCPE). The constant phase element provided
the best fit of the measured and modelled data.
As can be seen in Table 5.7, CCPE values of PPy, PPy/nano-Ni and PPy/nano-Ni/rGO
films (with and without light illumination) produced significantly higher values than their
equivalent PEDOT, PEDOT/nano-Ni and PEDOT/nano-Ni/rGO films. They were also
increased, in going from control PPy to the nano-Ni/rGO film, to the PPy/nano-Ni/rGO film.
This indicates that the PPy/nano-Ni/rGO and other control films for Ppy system had notably
higher active areas and that illumination with light still further increased the active area. This
is consistent with the highly porous structure observed in characterization. Thus, while there
was relatively speaking less PPy monomer present than there had been PEDOT monomer, the
PPy became notably more porous after operation, thereby producing the observed high
electrochemically active areas.
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The equivalent circuit in Figure 5.17(b) was used to model the EIS data. (‘dark’ =
without light illumination; ‘light’ = with light illumination). Where nano-Ni and rGO are
indicated to be present, the quantities were 125 mg nano-Ni, and 5.4 mg rGO.
The ohmic resistance (Rel) values were similar in going from PEDOT to PPy for all
of the films, as would be expected given the constant inter-electrode separation used.
However, the Rct values of PPy, PPy/nano-nickel and PPy/nano-Ni/rGO were higher than their
equivalent films PEDOT, PEDOT/nano-Ni, and PEDOT/Nano-Ni/rGO respectively. For
example, Rct values of PPy/nano-Ni/rGO were 218.2 Ω cm2 and 205.4 Ω cm2 without and
with light illumination respectively (vs 189.5 Ω cm2 and 173 Ω cm2 without and with light
illumination respectively for the PEDOT/nano-Ni/rGO film). It is for this reason that the
PPy/nano-Ni/rGO film exhibits less activity than PEDOT/nano-Ni/rGO.
In the Bode plots (Figure 15(c)), at the low frequency region, the Im Z values (in
Ω.cm2) of PPy and the most active PPy/nano-Ni/rGO (with and without light illumination)
were shifted to higher values than their PEDOT equivalents. This confirmed that FTO coated
with PEDOT and/or PEDOT with others materials had a better catalytic effect than PPy under
the same condition. This means that in PEDOT system, the charges (ions) transferred faster
from the diffusion layer to the catalyst. Similar trend was observed at high frequency regions
confirming better catalysis for PEDOT system than PPy If the Bode plots (Figure 5.17(c)) for
PPy in H2 generation are compared with the Bode plots of the same catalyst but for O2
generation (Figure 5.9(b)), then it can be concluded that the catalytic behaviour of PPy in
acidic media was better than in alkaline media.
In addition, Figure 5.18 depicts Tafel plots of the catalysts, with results tabulated in
the last two columns of Table 5.7. As can be seen in the Table, the Tafel slopes of the PPy,
PPy/nano-Ni and PPy/nano-Ni films have higher values than their equivalent PEDOT films.
This indicates that the catalytic activity of the PPy/nano-Ni/rGO system was generally lower
than PEDOT/nano-Ni/rGO system. Furthermore, the exchange current densities (io) of PPy,
PPy/nano-Ni and PPy/nano-Ni/rGO films were lower than their equivalent PEDOT films,
which further resulted in lower activity.
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(a)

(a)

(b)

(c)

Figure 5.17: (a) Nyquist plot, (b) equivalent circuit, and (c) Bode plot; at –0.75 V (vs Ag/AgCl);
showing measured data (individual data points) and modelled data (solid lines) (modelled using
the equivalent circuit depicted in (b)), for: (i) PPy/nano-Ni/rGO (with light illumination), (ii)
PPy/nano-Ni/rGO (dark; without light illumination), (iii) nano-Ni/rGO, (iv) PEDOT only (with
light illumination), and (v) PPy only (dark). Where nano-Ni and rGO are indicated to be
present, the quantities were 125 mg nano-Ni, and 5.4 mg rGO.
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Sample

Rel
Ω

cm2

RCT
Ω

cm2

QCPE

ncpe

µΩ-1cm-2

CCPE

A

io

µFcm-2

mV/dec

µA cm2

43.57

1005

96.32

0.80

2.43

70.24

14.80

± 2.33

±5

±2.11

±0.23

±0.87

± 4.22

±1.23

43.35

2450

30.78

0.87

11.02

83.39

4.770

± 2.29

±8

±0.96

±0.22

±0.91

±3.44

±1.72

42.81

749

105.0

0.80

2.69

68.31

15.74

±2.12

±4

±2.0

±0.21

±0.77

±2.85

±2.23

43.31

1492

39.7

0.86

13.88

69.04

5.30

±2.11

±4

±1.9

±0.21

±1.16

±3.44

±1.21

45.84

265.6

142.0

0.81

4.20

58.72

9.07

±2.39

±1.2

±2.6

±0.22

±0.72

±4.30

±1.55

PEDOT/nano-Ni/rGO

43.38

189.5

156.0

0.80

4.25

57.74

6.45

(dark)

±2.24

±1.3

±2.5

±0.18

±0.62

±3.96

±1.11

PPy/nano-Ni/rGO

42.97

218.2

99.5

0.81

28.00

59.84

2.56

(dark)

±2.18

±2.3

±2.5

±0.14

±0.46

±4.02

±0.78

PEDOT/nano-Ni/rGO

42.43

173.8

165.0

0.81

4.71

(light)

±2.11

±1.3

±2.7

±0.16

±0.23

±4.33

±2.11

PPy/nano-Ni/rGO (light)

42.36

205.4

110.9

0.81

30.13

50.07

2.82

±2.09

±2.23

±2.6

±0.14

±0.21

±5.23

±0.67

----

-----

-----

----

-----

58.35

7.02

±4.56

±3.44

PEDOT (dark)

PPy (dark)

PEDOT (light)

PPy (light)

Nano-Ni/rGO

Pt

47.83

6.67

Table 5.7: Data from EIS modelling (ohmic resistance, Ro, charge transfer resistance, Rct,
and charge transfer capacitance (Cct) expressed in terms of a constant phase element (nCPE
and CCPE) and Tafel plots (slope A; exchange current density io).
However, the catalytic activity of the most active PPy/nano-Ni/rGO film was still
higher than that of Pt and, like the equivalent PEDOT/nano-Ni/rGO film, more strongly
activated by the applied voltage bias. The PPy film synergistically enhanced the
electrocatalysis in much the same way that the PEDOT did with the nano-Ni and the rGO.
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Figure 5.18: Tafel plots for: (i) PPy/nano-Ni/rGO (with light illumination), (ii) PPy/nano-Ni/rGO (dark;
without light illumination), (iii) Nano-Ni/rGO, (iv) Pt only, (v) PPy only (with light illumination), (vi) PPy
only (dark; no light illumination).
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5.2.2.5

Summary: Hydrogen Generation Catalysis by the Most Active
PPy/nano-Ni/rGO Thin Film

Tri-component PPy films containing nano-Ni and rGO have been studied as
electrocatalysts and photoelectrocatalysts of hydrogen reduction in 0.05 M H2SO4/0.2 M
Na2SO4 at -0.75 V vs Ag/AgCl. While the control PPy, PPy/nano-Ni, and PPy/rGO films were
only weakly catalytic, films containing PPy: nano-Ni : rGO in a molar ratio of 0.51 (PPy
monomer) : 1.00 ( Ni) : 4.43 (C; other) proved to be highly active, particularly with time.
After 3 h of operation under constant light illumination of 0.25 sun, they generated sustained
current densities at –0.75 V (vs Ag/AgCl) of 2.6 mA/cm2 (which included ca. 200A/cm2 due
to the light illumination). This was 25% greater than an equivalent nano-Ni/rGO film that did
not contain PPy, which achieved 2.1 mA/cm2, and a sputter-coated Pt film, which yielded 2.2
mA/cm2, under the same conditions. Gas analysis demonstrated that hydrogen was the sole
gas produced. SEM/EDX showed that the film comprised a porous structure in which the
elemental constituents were evenly distributed.

5.3

Conclusions

In water oxidation catalysis, a 0.66 µm thick PPy film (7.78 S/cm) containing
the specific ratio of 125 mg of nano-Ni and 6.0 mg of rGO on a Pt electrode, produced
a significantly larger current (0.97-1.00 mA/cm2; including a 0.48 mA/cm 2
photocurrent under light illumination of 0.25 sun) than the equivalent bare Pt control
electrode (0.15 mA/cm 2) under the same conditions, over 50 h of operation.
The greatest amplification for hydrogen generation catalysis was produced by
a 0.65 m thick film (6.90 S/cm 2) containing 125 mg of nano-Ni and 5.4 mg of rGO
that yielded a 18% higher current (2.6 mA/cm 2, including a 0.2 mA/cm 2 photocurrent
under 0.25 sun) than the control bare Pt electrode (2.2 mA/cm 2) after 3 h of operation.
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Its performance was also superior to an equivalent control film containing the same
quantities of nano-Ni and rGO without any PEDOT (2.1 mA/cm 2). As in the case of
PEDOT, minor variations in the above composition produced notably lower currents.
It can be concluded, firstly, that the above specific ratio of catalyst density to
conductivity and thickness applies to thin-film conducting polymers in general and is
not unique to PEDOT. That is, it also applies to other conducting polymer supports,
like PPy. This is consistent with the conducting polymer connecting the largest number
of catalytic sites by the shortest, least-resistive pathways. The effect of the lower
conductivity of PPy relative to PEDOT is only to increase the resistance of those
shortest pathways, thereby decreasing the extent of the amplification
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PEDOT/Nano-Co3O4/CNT Composite for
Oxygen Generation in Photo-Catalytic Water
Splitting
Declaration: Portions of this chapter are drawn from a draft journal article entitled:
“Remarkable Synergistic Amplification of Oxygen Generation in (Photo)Catalytic Water
Splitting by a PEDOT/Nano-Co3O4/MWCNT Thin Film Composite”, for which I, Mohammed
Alsultan, am the first author, along with co-authors: Ruhollah Jalili, Pawel Wagner, and
Gerhard F. Swiegers. My contribution involved: (i) carrying out the laboratory research and
measurements, (ii) constructing the plots and figures from the data obtained, and (iii) writing
the first draft of the journal article.

6.1 Introduction

Cobalt (Co) and its oxides, alloys and spinels, including Co(OH) 2,1 Co3O4,2
CoO,3 NiCo,4 CuCo,5 and LiCoO2,6 have been widely investigated as photo- and
electrocatalysts of the oxygen evolution reaction (OER) as they are abundant and cheap
with high corrosion resistivity. Co 3O4 is particularly renowned as a highly active
catalyst of the OER.2 However, this and the other species above have several
disadvantages, including poor dispersibility, low conductivity, and poor charge carrier
mobility7. Some studies have, however, previously reported that when cobalt oxides
are combined with other organic materials such as reduced graphene oxide (rGO), 8
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graphene9 or carbon nanotubes (CNTs)10-12 in alkaline media, the resulting materials
exhibited enhanced OER performance due to an increase in both the conductivity and
the number of active catalytic sites on the surface of the resulting composite. This is
appealing for investigation given the findings in the previous chapters that the key to
fully utilizing conducting polymers as thin-film catalysts is to apply them in a form that
maximizes the catalytically active area and the electrically connection (conductance)
with each catalytic site.
Carbon nanotubes (CNTs) have some remarkable features that make them
attractive in water splitting applications, including the following: (i) they provide high
surface areas when interfaced with catalytic materials, (ii) they facilitate charge carrier
(e-, h+) mobility, and (iii) they mobilize the catalyst on the CNT surface, which results
in better OER activity.13-34 The combination of Co3O4 and CNT have been the subject
of several studies, such as: (i) Co 3O4/ single-walled carbon nanotubes (SWNTs)-loaded
on Indium Tin Oxide (ITO),9 (ii) Co3O4/ Nitrogen-doped carbon nanotubes (NCNT),10
and (iii) Co3O4/ carbon nanotubes (CNT), 11 The resulting hybrid species exhibit
superior catalytic activity that has been attributed to the synergistic effects of CNT with
the catalysts.
This chapter continues the theme of studying the optimum deployment of
conducting polymers as catalyst supports in thin-film form, when combined with
catalysts and conductors. However, in this chapter a different set of catalysts and
conductors have been employed.

Studies are reported of PEDOT films containing

nanoparticulate Co 3O4 (‘nano-Co3O4’) (av. diameter: 25 nm) as an active OER catalyst
and multiwall carbon nanotubes (MWCNTs) as a conductor on FTO glass. The aim of
changing the components in this way was to see whether the relationship between
catalytic area and connectivity that was discovered and studied in the previous chapters
also holds with very different catalysts (non-conductive metal oxide OER catalysts)
and carbon-based conductors (MWCNTs).
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As in Chapters 3 and 5, the films have been studied as electrodes in
photocatalytic water oxidation in 0.2 M Na2SO4, adjusted to pH 12 as an electrolyte. It
was found that films containing PEDOT: nano-Co3O4: CNT in a molar ratio of 6.92 (C;
PEDOT): 1 (Co): 5.13 (C; other) exhibited excellent OER activity that exceeded
anything yet observed in this thesis.
On FTO glass alone, this film produced a dark current density of 390-400
µA/cm2 at 0.80 V (vs Ag/AgCl) with a total current density of 880-900 µA/cm2 under
light illumination (including 490-500 µA/cm2 of photocurrents). This superseded the
performance of the industry-standard OER catalyst, Pt, which only yielded 150 µA/cm 2
as same conditions. However, when the above PEDOT/nano-Co3O4/CNT composite
film was overcoated on a Pt electrode, the resulting film produced an order-ofmagnitude greater current of 2.62-2.74 mA/cm2 including a photocurrent of 0.50-0.64
mA/cm2 under 0.25 sun illumination at the same experimental conditions (0.2 M
Na2SO4, adjusted to pH 12 as an electrolyte biased at 0.8 v vs Ag/AgCl). The study
confirmed that the amplified catalytic performance of the tested film arose from an
optimum catalytic density to conductivity and thickness in which the PEDOT
electrically connected the largest number of active catalytic sites by the most
conductive pathway. That is, the composite PEDOT thin-film, with very different
catalyst and conductor components operated in complete accord with the principles
developed in the earlier chapters of this thesis.

6.2

Results and Discussion

6.2.1

Studies of PEDOT/nano-Co3O4 on FTO

As in chapter 3, in first stage of this study, uniformly prepared thin-films of
vapour-phase polymerized PEDOT containing varying quantities of nano-Co3O4 (av.
25 nm diameter) on FTO glass slides (4.2 cm 2), were examined as water oxidation
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electro- and/or photo-catalysts in 0.2 M Na2SO4 aqueous solution, with the pH adjusted
to 12, while biased at 0.8 V (vs Ag/AgCl).
Figure 6.1 depicts data from this study. As can be seen, when the relative
quantity of nano-Co3O4 was increased, the dark current, as well as photocurrent
increased. Thus, the control PEDOT film with no nano-Co3O4 showed a small current

Figure 6.1 Chronoamperograms at 0.8 V (vs. Ag/AgCl) in 0.2 M Na2SO4 (pH 12), with and
without light illumination (0.25 sun), of FTO glass slides coated with: PEDOT/nano-Co3O4,
where the quantity of nano-Co3O4 in the vapour phase polymerisation solution was: (a) 0 mg
nano-Co3O4 (PEDOT only; control), (b) 40 mg nano-Co3O4, (c) 90 mg nano-Co3O4, (d) 110
mg nano-Co3O4, and (e) 120 mg nano-Co3O4. (*=’light on’, #=’light off’).
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density (Figure 6.1(a)). Whereas, the films that were prepared from polymerisation
mixtures containing 40 mg nano-Co3O4 (Figure 6.1(b)), 90 mg nano-Co3O4 (Figure
6.1(c)), and 110 mg nano-Co3O4 (Figure 6.1(d) produced higher dark currents densities
of (110-158 µA/cm2) and photocurrents of (78.5-207µA/cm2). When more than 110 mg
of nano-Co3O4 was incorporated into the films, the net current started to decline. For
example, the PEDOT film containing 120 mg of nano-Co3O4, produced an unchanged
dark current of ca. 158 µ/cm2 but a lower photocurrent of only ca. 172 µA/cm 2 (Figure
6.1 (e)). Consequently, any additional of nano-Co3O4 that was incorporated into the
film resulted in a decrease of photocurrent. This effect was previously assigned to a
decrease in the light absorption by the film caused by shadowing arising from the high
density of Co 3O4, which is non-transparent and also not activated by light. In
conclusion, the film PEDOT/ Nano-Co3O4 that was prepared from a polymerisation
mixture containing 110 mg of nano-Co3O4 exhibited the highest photocatalytic activity.

6.2.2 Studies of PEDOT/nano-Co3O4/CNT on FTO

The next step was to prepare and test the incorporation of varying weights of
CNT in the PEDOT/nano-Co3O4 film containing 110 mg of nano-Co3O4. The maximum
weight of CNT that could be incorporated in the films using the vapour phase
polymerisation technique was 3.0 mg.

Beyond this amount, the polymerisation

mixtures became too thick to spin-coat successfully.
Figure 6.2 shows chronoamperograms of the best performing of these films on
FTO glass under the same conditions (0.80 V vs Ag/AgCl in 0.2 M Na 2SO4 adjusted
to pH 12 over 1 h of operation, with and without light illumination of 0.25 sun).
As can be seen in Figure 6.2, the dark current and photocurrent increased with
increasing CNT loading up to 2.0 mg ((Figure 6.2(a)-(b)). Thus, the largest dark current
(380-450 µA/cm2) and photocurrent (460-470 µA/cm2) was produced by PEDOT/nanoCo3O4 /CNT containing 110 mg nano-Co3O4 and 2.0 mg CNT. This film had a thickness
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of 0.98 µm and a conductivity of 5.98 S/cm. The net current declined dramatically when
more than 2 mg of CNT was incorporated into the film; for example, PEDOT
containing 110 mg nano-Co3O4 and 3.0 mg of CNT (Figure 6.2(c)) produced a
significantly lower dark current of ca. 150 µA/cm 2 as well as a lower photocurrent of
ca. 180 µA/cm2. The additional CNT may also result in a decrease in light absorption
by the film.

Figure 6.2: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h
of operation, with and without light illumination (0.25 sun), of FTO glass slides coated with
thin films of PEDOT/nano-Co3O4/CNT, where the polymerisation mixtures contained 110 mg
of nano-Co3O4 and the following quantities of CNT: (a) 1.0 mg, (b) 2.0 mg and (c) 3.0 mg
(*=’light on’, #=’light off’).

6.2.3

Studies of Control Films on FTO; Catalytic Amplification due to the
PEDOT

Figure 6.3 shows the chronoamperogram data of the control films, over 1 h
(Figure 6.3 (I)) and over the first few minutes (Figure 6.3(II)).
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As can be seen in Figure 6.3(I), all the control films exhibited notably lower
currents compared to PEDOT/nano-nanoCo3O4/CNT containing 110 mg nano-Co3O4
and 2.0 mg CNT (that can be seen in Figure 6.2(b)). Thus, the control coating
comprising of 2.0 mg CNT and 110 mg nano-Co3O4 only (without any
PEDOT),produced a photocurrent density of 430-440 µA/cm2 (Figure 6.3(c)), which

(I)

(II)

Figure 6.3: Chronoamperograms over 1 h (I) and in the first few minutes (II) at 0.80 V (vs
Ag/AgCl) in 0.2 M Na2SO4 (pH 12), with and without light illumination (0.25 sun), of FTO
glass slides coated with control thin films comprising of: (a) 2.0 mg CNT only, (b) PEDOT
containing 2.0 mg CNT, and (c) 2.0 mg CNT and 110 mg nano-Co3O4 only (without any
PEDOT). (*=’light on’, #=’light off’).
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was around 50% lower than the current density of the PEDOT film containing 110 mg
nano-Co3O4 and 2.0 mg CNT (Figure 6.2(b)). Thus, the presence of the PEDOT in the
most active thin film (PEDOT/nano-nano-Co3O4/CNT) amplified the current density
by about 50%.
As can be seen in Figure 6.3(II), the alternative water oxidation processes
(involving oxidation or partial oxidation of the components of the film themselves)
were complete within 4 min, with stable dark currents gained thereafter. The charge
involved in the oxidation of the PEDOT itself (Figure 6.3(II)(b)) was calculated to be
0.162 C, while the charge required to partially oxidise the Co +2 to Co+3 in nano-Co3O4
film containing 2 mg CNT was calculated to be 0.434 C (Figure 6.3(II)(c)). In contrast,
the current profile of the CNT control film in Figure 6.3(a) was approximately flat and
is consistent with the expected absence of further oxidation at the catalyst surface.

6.2.4

Performance of the most active PEDOT/ nano-Co3O4/CNT thin
film on Pt

As in Chapter 3, the most active PEDOT/nano-Co3O4/CNT thin film was
examined on a sputtered Pt electrode in order to eliminate the effect of sheet resistance
from the FTO. Figure 6.4(a) shows that the PEDOT/nano-Co3O4/CNT composite
containing 110 mg nano-Co3O4 and 2.0 mg CNT on Pt/FTO, produced a dark current
of 2.0-1.86 mA/cm2 and a photocurrent of 0.50-0.64 mA/cm2, giving a total current of
2.62-2.74 mA/cm2. These current values were far higher than the currents generated by
the control bare Pt film (Figure 6.4(III)-c), PEDOT/FTO (Figure 6.4(III)-d) and
PEDOT/nano-Co3O4/CNT alone on FTO without Pt (Figure 6.2(b)). In addition, as can
be seen in Figure 6.4 (II), PEDOT/nano-Co3O4/CNT film on Pt/FTO containing 110
mg nano-Co3O4 and 2.0 mg CNT on Pt/FTO (without PEDOT) produced a dark curent
of 1.162-1.166 mA/cm2 and limitted photocurrent of 0.076-0.098, giving a total
current of 1.24 0-1.262 mA/cm2. Thus, the presence of the PEDOT in the most active
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thin film (PEDOT/nano-nano-Co3O4/CNT) on Pt/FTO amplified the current density by
about 50%. The higher current density PEDOT/nano-Co3O4/CNT film on Pt/FTO
attributed to the presence of the more conductive metallic Pt substrate on the FTO, with
accompanying lower sheet resistance achieved with the presence of PEDOT.

Figure 6.4 Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over 1 h of
operation, with and without light illumination (0.25 sun), of FTO glass slides coated with thin
films of: (I) Pt overcoated with PEDOT/nano-Co3O4/CNT, where the polymerisation mixture
contained 110 mg of nano-Co3O4 and 2.0 mg of CNT, (II) Pt overcoated with nano-Co3O4/CNT,
where the polymerisation mixture contained 110 mg of nano-Co3O4 and 2.0 mg of CNT(without
PEDOT),(II) bare Pt (c)and (c) PEDOT only (control). (*=’light on’, #=’light off’).
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The charge exchanged during the 35 hours of operation was calculated to be
1253.9 C. It was more than sufficient to 1-electron oxidize every PEDOT monomer
and C-atom in the CNT within the thin film, which would have caused it to delaminate
and disintegrate. In additions, the oxidation features are inconsistent with and could not
have arisen if the observed currents were due to one of the components in that film
being oxidatively consumed in any substantial proportion.

Figure 6.5: Chronoamperograms at 0.80 V (vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12) over
35 h of operation, with and without light illumination (ca. 0.25 sun), of an FTO glass slide
coated with a thin film of Pt over-coated with PEDOT/nano-Co3O4/CNT/Pt/FTO, where
the polymerisation mixture contained 110 mg of nano-Co3O4 and 2.0 mg of CNT (*=’light
on’, #=’light off).

Figure 6.6 shows the change in the anode electrolyte pH versus time throughout
the water oxidation process. As can be seen, the pH dropped during first 20 h by 0.37,
which is consistent with, and can only occur if water oxidation catalysis is taking place.
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Figure 6.6: pH change in the anode electrolyte during the first 20 h of the experiment
with data displayed in Figure 6.5.

6.2.5

Studies on the gas produced by the PEDOT/ Nano-Co3O4/CNT on
Pt/FTO; the Faradaic Efficiency

The gases that were generated from the most active PEDOT/nano-Co3O4/CNT
thin-film, were collected and characterised via gas chromatography (as described in
Chapter 2). Figure 6.7 shows that oxygen (O 2) was the sole gas generated during the
process, although traces of hydrogen (H2), which came from the other half-cell via the
ion-permeable Nafion membrane that separated the two half-cells, and atmospheric
nitrogen (N2) that came from leaks, were also detected on occasion. The gas ratios were
determined by integrating the CG peaks, and found to be typically 95 O 2: 5 N2 (tiny
trace of N2) without light illumination while in experiments with light illumination,
representative gas ratios were 88.4 O 2: 9.3 H2: 2.3 N2. No peaks were observed for CO2
and CO gases indicating there was no process involving complete oxidation of PEDOT
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or CNT in the PEDOT/nano-Co3O4/CNT films. Thus, the film was resistive to
oxidation during gas generation. Pure H 2 was generated at counter electrode (Pt mesh).

Ar carrier gas only,
before cell switched on

Gas after voltage bias
applied (dark)

Gas after voltage bias and
light illumination applied

Figure 6.7: GC traces of gases collected from the PEDOT/nano-Co3O4/CNT electrode

The integration of oxygen peaks in GC chromatogram revealed that carrier gas
that passed through the column contained 60.5% (dark) and 61.7% (with light
illumination) of oxygen gas. This suggested that the Faradaic efficiency was more than
or equal to 60.5-61.7% (but likely much higher given the fact that the apparatus was
not gas tight and an unquantified amount of oxygen leaked from the cell during the
experiment).

6.2.6

Characterization of the PEDOT/ Nano-Co3O4/CNT electrode

The composition of the most active PEDOT/ nano-Co3O4/CNT film on the
working electrode was subjected to elemental analysis, giving the ratios of 17.0% Co,
11.40 % S, and 44.46 % C. As only the PEDOT contains the element S, while the CNT
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contains only C and the nano-Co only Co, the molar ratio of PEDOT: Co : CNT was
6.92 (C; PEDOT) : 1 (Co) : 5.13 (C; others).

(e)

Figure 6.8: The main image (a) represents the scanning electron microscope image of
PEDOT/nano-Co3O4 /CNT. The other images show the elemental distributions, using
EDX, of (b) S, (c) C, (d) O, and (e) Co.

The PEDOT/nano-Co3O4/CNT film morphology was examined after 3 h of
water oxidation via Scanning Electron Microscopy (SEM). Figure 6.8 depicts a
representative SEM image of the deposited film, showing a highly porous surface
structure. EDX-mapping (Figure 6.8(b)-(e)) indicated uniform distributions of Co
(nano-Co), C (PEDOT and CNT), O (PEDOT and Co 3O4), and S (PEDOT) elements.
Figure 6.9 shows the X-ray powder diffraction (XRD) pattern of PEDOT, CNT, and
PEDOT/nano-Co3O4 /CNT. XRD patterns of pure PEDOT produced a diffraction peak at 2θ
25.96° that can attribute to the (020) reflection due to the intermolecular spacing of polymer
backbone.35-36 The XRD scan of the CNT sample displayed diffraction peaks at 25.5° and
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43.0°, attributed to the CNT (002) and (100) reflections respectively.37-39 The XRD of the most
active PEDOT/nano-Co3O4 /CNT film also showed two peaks at 25.56° and 25.94° (each
marked *) that can be attributed to CNT and PEDOT in the PEDOT/nano-Co3O4/CNT film.
Patterns of peaks at 18.9°, 31.26°, 36.9°, 38.52°, 44.82°, 55.46°, 59,48° and 65.34°
corresponded to patterns from the nano-Co3O4 that exhibits cubic phase type space group
Fd3m contribution (Figure 6.9).37, 40-41

Figure 6.9: Powder X-ray diffraction (XRD) of PEDOT/nano-Co3O4/CNT and control
PEDOT and CNT.

The elemental composition and chemical states of the PEDOT/nano-Co3O4/CNT film
were further analysed with X-ray photoelectron spectroscopy (XPS) (Figure 6.10). The main
peaks in the film data corresponded to S 2p, O 1s, C 1s, Co 2p and O 1s. The O 1s and C 1s
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spectra were associated with both PEDOT and CNT while the S 2s spectrum derived only
from the PEDOT. The C 1s spectrum contained six peaks at 284.4, 285.2, 286, 286.6, 288 and
289 eV (Figure 6.10(b)). The peak at 284.4 eV represented a sp2 carbon hybrid that related to
the C=C binding energy.42-44

Figure 6.10: XPS spectra of PEDOT/nano-Co3O4/CNT film (a, b, c and d represent the spectra
of C 1s, S 2p and O 1s and Co 2p respectively. C 1s spectra and O 1s can refer to both PEDOT
and CNT while S 2p refers to PEDOT finally Co 2p refers to nano-Co3O4 particles.
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The peak at 285.2 eV represented an sp3 carbon hybrid and related to C-C and C-H
bonds, while the peaks at 286, 286.60, 288 289, 291 eV corresponded to C-S, C-O, C=O, OC=O and π-π bonding respectively.42-44,45-47 The S 2p XPS spectrum of the film contained
peaks at 163.5 and 165.5 eV, which derived from the binding energy of the 2p3/2 and 2p½ that
correspond to the C-S bond and S+ of the PEDOT fragments.48-49 The other two small peaks
relate to the 2p3/2 and 2p½ of the sulfonic groups in the PTS structure. The O 1s XPS spectra
of the film displayed four peaks at 529.96, 531.3, 532.7 and 535 eV deriving from O-Co, OC, O=C and C-O-C or O-H bonds respectively.50-51 Finally, for the Co 2p spectra, there were
four main binding energies observed at 778.4, 780.6, 793.3, and 797.0 eV. These were
attributed to Co3+ 2p3/2, Co2+ 2p3/2, Co3+ 2p1/2 and Co2+ 2p1/2, respectively.52

6.2.7 EIS and Tafel plot studies of the mechanism of the catalysis

Impedance spectroscopy (EIS) and Tafel plot investigation were undertaken at 0.80 V
(vs Ag/AgCl) in 0.2 M Na2SO4 (pH 12). Figure 6.11(a)-(d) depicts Nyquist plots (a), the
equivalent circuit (b), Bode plots (b), and Tafel plots (d) of: (i) Pt overcoated with
PEDOT/nano-Co3O4/CNT containing 110 mg of nano-Co3O4 and 2.0 mg of CNT (with light
illumination), (ii) Pt overcoated with PEDOT/nano-Co3O4/CNT (no light illumination), (iii)
Pt only, (v) PEDOT only (with light illumination), and (iv) PEDOT only (no light
illumination).
As noted previously, at pH 12, the EIS at low to intermediate frequencies is related to
an adsorption process, involving the transfer of ions (charge carriers) from the diffuse layer to
the catalyst.53 At high frequencies, the EIS shows the charge transfer that occurred during
catalysis.
As can be seen in Figure 6.11(a), an excellent match of EIS data was obtained, when
the measured data was modelled using the equivalent circuit shown in Figure 6.6(b).54 Two
distinct semicircles of impedance were observed in the Nyquist plots: a semicircle at low
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frequency (10-100 Hz) (shown in Figure 6.11(a)) and another partial semicircle at high
frequencies in the range (1,000-10,000 Hz) (shown in the inset of Figure 6.11(a)).

a)

b)

d)
c)
d)

Figure 6.11: (a) Nyquist plots showing measured data (individual data points) and modelled data (solid
lines) using the equivalent circuit depicted in (b), and (c) Bode polts, as well as (d) Tafel plots of: (i) Pt
overcoated with PEDOT/nano-Co3O4/CNT (with light illumination),(ii) Pt overcoated with PEDOT/nanoCo3O4/CNT (dark; no light illumination), (iii) Pt only, (iv) PEDOT only (with light illumination), and (v)
PEDOT only (dark; no light illumination).

197

Sample

PEDOT (dark)
PEDOT (light)
Pt only
Pt/PEDOT/Co3
O4/CNT (dark)
Pt/PEDOT/Co3
O4/C NT (light)

Rel
Ω
cm2

Rad
Ω
cm2

Cdl
µF
cm-2

RCT
Ω
cm2

18.89
±1.60
17.26
±1.30
19.73
±1.20
16.86
±2.44
16.52
±2.77

420.3
±3.4
400.1
±2.6
270.4
±12.4
233.7
±17.8
197.7
±7.9

16.1
±0.2
20.9
±1.5
9.89
±0.54
41.55
±3.44
50.40
±4.66

148.3
±2.7
122.9
±3.2
120.7
±2.1
64.68
±4.66
46.15
±5.44

QCPE
µΩ1
cm2 n
s
0.07
±0.03
0.14
±0.04
0.06
±0.01
3.28
±0.11
4.23
±0.11

nCPE

CCPE
µF
cm-2

A
mV/d
ec

io
µA cm2

0.88
±0.11
0.88
±0.12
0.92±
0.22
0.86±
0.10
0.86±
0.09

0.01±
0.01
0.02±
0.01
0.02±
0.01
0.65±
0.12
0.88±
0.11

277±
14
272±
13
250
±14
104
±4
95.4±
3.8

20.60
±3.74
25.88
±3.55
50.46
±4.22
5.56
±0.65
3.46
±0.35

Table 6.1: Data from electrochemical impedance spectroscopy (ohmic resistance (Rel),
adsorption resistance (Rad), diffuse layer capacitance (Cdl), catalytic charge transfer
resistance (RCT), and capacitance expressed in terms of a constant phase element (QCPE, nCPE,
and CCPE))55. Data from Tafel plot studies (slope (A), exchange current density (io)). (‘dark’ =
without light illumination; ‘light’ = with light illumination).

Table 6.1 shows the outcomes of modelling the measured data with the equivalent
circuit (Figure 6.11(b)). As can be seen, The capacitance Cdl

(which

refers to

electrochemically active area of the film) of Pt/PEDOT/nano-Co3O4/CNT film was 41.55 µF
cm-2 without light illumination and 50.40 µF cm-2 with light illumination which exceeded the
Cdl of the bare Pt /FTO control film by at least 4.2-times without light, or 5-times with light
illumination.
Also, the total resistance RP of the adsorption process (Rad) and the charge transfer
resistance (RCT) of the most active film Pt/PEDOT/nano-Co3O4/CNT were calculated to be
243.85 Ω cm2 (RP = Rad + RCT ) with light illumination and 298.38 Ω cm2 without light
illumination, which was lower the RP resistance of bare Pt (391.1 Ω cm2). These results were
further evidence that proved the PEDOT/nano-Co3O4/CNT to be a better catalyst than the bare
Pt per unit area under the testing conditions.
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Interestingly the ohmic resistance (Rel) of the most active PEDOT/nano-Co3O4/CNT
was 16.86 Ω cm2 without light illumination and under reduced under light illumination to be
16.52 Ω cm2. Both of these ohmic resistances were slightly lower than the ohmic resistance of
control Pt/FTO film that was at 19.73 Ω cm2
Figure 6.11(d) shows Tafel plots of the PEDOT/nano-Co3O4/CNT catalyst with other
control films. The Tafel plot data are tabulated in the last two columns of Table 6.1. The
control PEDOT film exhibited higher io values with and without light illumination than the
active PEDOT/nano-Co3O4/CNT containing 110 mg Co3O4 and 2 mg CNT samples which
indicated that the catalytic mechanism of PEDOT/nano-Co3O4/CNT was strongly dependent
on the applied external bias. For example, the Pt/PEDOT/nano-Co3O4/CNT film required only
104 mV without light illumination and 95.4 mV with light illumination to increase the reaction
rate by 10-times at pH 12 while the control bare Pt/FTO required 250 mV. Thus the
PEDOT/nano-CO3O4/CNT film was more active than bare Pt/FTO under the experimental
conditions.56
Through the amperometric, EIS and Tafel plots studied, it seems that PEDOT was
accelerating the water-splitting reaction with assited of external bias. PEDOT also absorbs
light, produces photogenerated charge carriers. The amazing synergestic effects of PEDOT,
Co3O4 and CNT results in enhancement of overall water splitting system. Since Co 3O4
nanoparticles can enhances OER ctatayst at high pH while MWCNT stabilis the catalyst on
the FTO surface, increased the active service area and accelerates charge moblitity with
PEDOT.

6.3 Conclusions

The film PEDOT/ Nano-Co3O4/CNT containing 110 mg nano-Co3O4 and 2 mg CNTs
was prepared via a facile synthetic route including dispersion of the raw materials with a
magnetic stirrer and spin coating them in FTO glass, followed by vapour phase polymerisation
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to convert EDOT to PEDOT. The films have a high electrocatalytic and photoelectrocatalytic
capacity for the OER in 0.2 M Na2SO4 solution at pH 12. While control PEDOT films were
weakly catalytic, the film containing PEDOT: nano-Co3O4: CNT in a molar ratio of 6.92 (S;
PEDOT): 1 (Co):5.13 (C; CNT) exhibited a high OER activity. The activity of the
PEDOT/nano-Co3O4/CNT toward OER was further enhanced when it was overcoated on an
FTO slide previously sputter-coated with a 100 nm thick coating of Pt. The PEDOT/nanoCo3O4/CNT on Pt/FTO film generated a sustained current density of 2.44-2.38 mA/cm2 at 0.80
V (vs Ag/AgCl) over > 35 h of operation under constant light illumination of 0.25 sun. This
included a photocurrent of ca. 0.44-0.50 mA/cm2 due to the light illumination. These current
densities were substantially larger than an equivalent sputter-coated Pt film, and other control
films under the same conditions. Gas analysis demonstrated that oxygen was the only gas
generated with high efficiency. SEM/EDX, TEM, XPS, EIS and Tafel plot studies showed the
most active film PEDOT/nano-Co3O4/CNT containing 110 mg of Co3O4 and 2.0 mg in
polymerisation solution has an amplification performance due to a synergistic co-operation
between PEDOT and Co3O4 and CNT, which reduced the resistivity of the film and increased
the catalytic performance of the film under light illumination.
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Novel Hydrogel Separator for Spontaneous
Bifunctional Oxygen and Hydrogen Evolution
by Composite PEDOT/nano-Ni/rGO Films
Declaration: Portions of this chapter are drawn from a draft journal article entitled: “A Novel
Hydrogel Ion-Bridge Capable of Facilitating Sustained, Chemically-Driven Oxygen and
Hydrogen Evolution from Water”, for which I, Mohammed Alsultan, am the first author, along
with co-authors: Khalid Zainulabdeen, Pawel Wagner, and Gerhard F. Swiegers, My
contribution involved: (i) carrying out the laboratory research and measurements (except for
the hydrogel properties tests), (ii) constructing the plots and figures from the data obtained,
and (iii) writing the first draft of the journal article.

7.1 Introduction

Hydrogen (H2) and oxygen (O2) production from water in direct conversion
under light illumination in a photoelectrochemical cell (PEC) is the ultimate aim for
renewable, sustainable, and clean future energy. Great efforts have been devoted to
developing and characterising new types of photocatalysts for direct water splitting 1-3
In a PEC system, an external voltage bias is often required. However, a chemical bias
can be also applied to enhance PEC performance. Such a chemical bias (ΔE(V)) can be
created by using two separated electrolytes in two half cells with different pHs. For
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example, an electrolyte that has a high pH can be used in the anode half-cell of a PEC
while an electrolyte with a low pH can be used in the cathode half-cell. The two halfscells can then be connected with a suitably conductive membrane or separator (Figure
7.1). The resulting chemical bias (ΔE(V)) can be calculated, at room temperature, with
equation 7.1:4-5
ΔE(V) = 0.059 ΔpH.

… (7.1)

a)

at pH = 1

b)

b′)

a)

Figure 7.1: (a) Schematic illustration of a photoelectrochemical cell utilizing PEDOT/nanoNi/rGO films for water-splitting with no voltage bias applied. In the left half-cell, a light-assisted
anode for OER catalysis is combined, on the right, with a light-assisted cathode half-cell for
HER catalysis. A hydrogel bridge is provided between the two half-cells. (b) Photograph of the
PEC cell setup used.
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where ΔE(V) represents the chemical bias while ΔpH is the difference in pH values
between the two halfs-cells. According to equ. (7.1), the chemical bias is around 0.55
V. This chemical bias ΔE(V) assists with the reaction in addition to the external bias,
to thereby facilitate cataytic effects for both OER (at the working electrode) and HER
(at the counter electrode).
In previous studies, Nafion and other ion-exchange membranes have been used
to interface two half-cells. The results showed that maintaining the pH in both basic
and acidic media is difficult due to the neutralisation processes related to OH- and H+
consumption in both the anolyte and catholyte during the electrocatalytic reaction. 5-9 In
contrast, the performance of a hydrogel separator should exhibit advantages in this
respect, like: (i) low preparation cost, (ii) ability to operate over a wide range of pH,
and (iii) a potential capacity for relative long term stability in water splitting
applications.5
In this chapter, we have developed a novel, mechanically durable, highly
electrically conductive, and flexible polyacrylamide CsCl hydrogel and applied it as a
separator for two water splitting half cells (cathode and anode). The cells split water
upon being connected with the hydrogel, for up to 14 h of continuous testing. The
feasibility of (and properties of) a chemical rather than an electrical potential to drive
water splitting was thereby demonstrated, at least for a period of 14 h.
The separator comprised of a polyacrylamide–CsCl hydrogel. It was fixed in a
U-tube to connect the two half-cells. One half- cell contained an electrolyte of 0.2 M
Na2SO4 adjusted to pH 12 and a film electrode comprising of PEDOT/Nano-Ni/rGO
containing 125 mg of nano-Ni and 6 mg of rGO (as decribed in Chapter 3 as having the
highest performance). This half cell facilitated the OER. The second half-cell was for
the HER. It contained 0.1 M H 2SO4 and an electrode comprising of a film of
PEDOT/Nano-Ni/rGO containing 125 mg of nano-Ni and 5.4 mg of rGO applied (as
found to be highest performing in Chapter 4 at pH 1). The two half-cells was baised
either at 1.23 V or 1.5 V for comparison.
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7.2

Results and Discussion

7.2.1

Electrocatalytic and Photoelectrocatalytic Measurements

Figure 7.1(a)-(b) illustrates the PEC cell that was used in this study. The first
step was to perform linear swept voltammetry (LSV) in the range 1.1-1.5 V (2-electrode
cell voltage). Figure 7.2 represents LSV of the two half-cell after 10 scans in both states
with and without light illumination. As can be seen in Figure 7.2, the current density
of PEDOT/nano-Ni/rGO films increased from 368 µA/cm 2 without illumination to 415
µA/cm2 with light at 1.5 V (where both films were exposed to light illumination). In
addition, it was suggested that the nano-Ni particles in the PEDOT/nano-Ni/rGO films
became partially covered with NiO when the potential in the LSV scan reached the
range of 1.38-143 V10 and above. With a NiO coating, the catalyst could better respond
to light due as NiO is well known to be a semiconductor that absorbs light and cooperates with PEDOT and rGO through a synergistic effect (as discussed in Chapters
3 and 4).11-12

Figure 7.2: Linear Sweep Voltammogram (LSV) of PEDOT/nano-Ni/rGO films, on FTO
glass, in range (1.1-1.5 V; 2-electrode cell voltage). The anode was PEDOT/nano-Ni(125
mg)/rGO(6 mg ) film

in 0.2 M Na2SO4 with pH 12 while the cathode was 0.1 PEDOT/nano-Ni(125

mg)/rGO(5.4 mg ) film

(0.1 M H2SO4). Scan rate: 5 mv/s.
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The second step was to examine the chronoamperometric effects at cell voltages of
1.23 V and 1.5 V respectively. The former, of course, is the theoretical minimum voltage (Eo)
needed to create water splitting. The latter is just above the so-called “thermoneutral
voltage” (ETN), which equates to the voltage at which water electrolysis is said to be
100% energy efficient.
As can be seen in Figure 7.3(a), when 1.23 V was applied, the dark current was
140 - 142 µA/ cm2, and when the light was switched on, it has increased to 154 - 156
µA/cm2, meaning that 14 µA/cm 2 was a photocurrent arising from light illumination
(IP(i) in Figure 7.3(a)). When a bias of 1.5 V was applied, the dark current was 366 373 µA/cm2, while, with light, it was raised to 386-391 µA/cm2, producing 18-20
µA/cm2 photocurrent (IP(ii) in Figure 7.3(b)).
In theory it is not possible to perform water-splitting at 1.23 V, however the
chemical potential provided by the differing conditions at the cathode and anode, along
with the influence of the light illumination, allowed the cell to readily split water at
1.23 V (albeit at a low overall current density).
The third step of this study was to perform chronoamperometry at 1.23 V and
1.5 V. The processing time was set for 14 h. As can be seen in Figure 7.3, when the
light was turned on, the currents increased steadily at both 1.23 and 1.5 V. They
stabilised after 3 h of operation to exhibit current densities of 484 and 192 µA/cm 2 at
1.23 and 1.5 V respectively. The current at 1.5 V started to degrade gradually to 59%
of its stabilised current after 14 h of PEC operation. However, the current density was
still better than that exhibited at 1.23 V, which also exhibited a high initial photocurrent
density of 225 µA/cm 2. In contrast, the current density at bias of 1.23 V was more
stable over 14 h of operation and dropped to only 88.2 % of its stabilised current of 55
µA/cm2.
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Figure 7.3 Chronoamperogram of catalytic water-splitting with and without light
illumination (ca. 0.25 sun), of FTO glass slides
b coated with PEDOT/nano-Ni-nano/rGO as
illustrated in Fig 7.1 at a 2-electrode cell voltage of: (a) 1.23 V and (b) 1.5 V, respectively
for 1 h of operation
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(a′)

Figure 7.4: Chronoamperogram of catalytic water-splitting with and without light illumination
(ca. 0.25 sun), of FTO glass slide electrodes coated with a PEDOT/nano-Ni-nano/rGO as
illustrated in Fig 7.1 at a 2-electrode cell voltage of: (a) 1.23 V and (b) 1.5 V, respectively for 14
h of operation. (*=’light on’, #=’light off).

7.2.3

Electrical

and

Mechanical

Properties

of

Conductive

Polyacrylamide Hydrogel- Cs-Cl

The hydrogel separator was found to have high conductivity (up to 310±31
mS/cm; Figure 7.5). The conductivity was higher than previously reported for
polyacrylamide hydrogels, which was 0.22 mS/cm.13 The significant value of this
conductivity was probably related to the presence of Cs + and Cl- ions in the gel. Cs+
ions has a greater mobility through the polymer matrix due to it being less a polarising
cation because of the shielding effect of the two additional electron shells compared
with Li+ ions, which would interact more with the polymer chains.
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Moreover, the water content (%) in the hydrogel increased from 65% to 95%
when the hydrogel was immersed in both electrolytes providing more carriers of water
molecules to enhance the hydrogel conductivity as shown in Table 7.1. The pH of the
hydrogel increased slightly over 14 h of PEC operation (Table 7.1).
The mechanical properties of hydrogel bridge polyacrylamide–CsCl (PAAmCsCl) hydrogel have been examined before using it in water splitting systems to assess
its mechanical durability.14-17

Figure 7.5: Resistance as a function of length of the hydrogel separator used in this study.

Parameter

Gel before
experiment

Conductivity (mS/cm)

Gel after experiment

265±21

310±31

Water Content (%)

65

95

pH

2.5

3.1

Table 7.1: Conductivity, pH and water content of hydrogel bridge (PAAm+CsCl )

Figure 7.6 shows tensile and compression test analyses. The hydrogel displayed
a tensile strength of 26±7 kPa with an ability to stretch to approximately 3-times its
original length, providing reliable applicability as a stretchable conductive gel bridge.
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The hydrogel exhibited a tensile modulus of 18±3 (kPa) with a significant ability to
stretch of 298±19 % (Table 7.2).

Figure 7.6: Stress-strain curves for the ionic PAAm-CsCl hydrogel used in this study.

Parameters

Values

Tensile Modulus (kPa)

18±3

Tensile strength (kPa)

26±7

Extension to Failure (%)

298±19

Table 7.2: Tensile test parameters for PAAm - CsCl hydrogel used in this study.

Furthermore, the compression test analysis was examined on the prepared
hydrogel to assess its mechanical properties after applying compression action on it.
Figure 7.7 displays the mechanical parameters of the hydrogel, such as compression
secant modulus, ultimate compression stress and strain to the failure. Examining these
mechanical properties was necessary to understand the mechanical durability of the gel.
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As can be seen in Table 7.3 and Figure 7.7, the data for compression modulus, ultimate
compression and strain to failure (%) revealed that the hydrogel had reliable mechanical
properties.

Parameters

Values

Compression Modulus (kPa)

24±2

Ultimate compression (kPa)

824±31

Strain to failure (%)

91±8

Table 7.3: Compression test parameters for PAAm - CsCl hydrogel

Figure 7.7: Compression test analysis of PAAm-CsCl hydrogel.

Finally, the hydrogel sample was stored at room temperature (21 oC) and a
relative humidity (RH) of 50% to test the water retention capacity of the hydrogel for
15 d. Hydrogel samples exhibited gradual shrinking as shown in Figure 7.8. The water
loss of the hydrogel was approximately steady at 11% after storing it for 15 d. The main
reason for the slow water loss during this period is the fact that the hydrogen was
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embedded with CsCl salt that is considered to be a hygroscopic agent. It absorbs
moisture from the air to balance the water content and substitute the water loss in the
hydrogel. Based on that, the hydrogel substrate remained rich in water, enhancing it's
mechanical and electrical durability when compared to other gels. 14, 16, 18

Figure 7.8: A typical plot between water loss percentage and time in days for the PAAm+
CsCl hydrogel
Since the left half-cell represents PEDOT/Nano-Ni/rGO containing 125 mg of nanoNi and 6 mg of rGO (as decribed in Chapter 3 as having the highest performance).
While the right half-cell represents PEDOT/Nano-Ni/rGO containing 125 mg of nanoNi and 5.4 mg of rGO applied (as found to be highest performing in Chapter 4 at pH 1.
Thus, the mechanism absorbing light and synergstic effect of these films have been
discussed thoroughly in those chapters. Additionally, the hydrogel participated in both
mechanism by playing a crucial role as ion-exchange membranes facilitating watersplitting performance.
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7.3

Conclusions

Two thin film electrodes of PEDOT containing nano-Ni and rGO (as described
in Chapters 3 and 4) have been applied in a PEC as working and counter electrode. The
electrode for OER catalysis was immersed in aqueous alkaline 0.2 M Na 2SO4 adjusted
to pH 12. The counter electrode for HER catalysis was immersed in 0.1 M H 2SO4.The
half-cell electrolytes were connected via a novel, durable, conductive hydrogel bridge.
The hydrogel exhibited excellent charge transfer mobility between the two half-cell
electrolytes for periods of 14 h of testing. To the best of our knowledge, no other
separator has been demonstrated to be capable of facilitating 14 h of continuous
operation. The cell exhibits higher current at 1.5 V than at 1.23 V. However, the current
at 1.23 V was sustained and relatively constant over 14 h of PEC operation; it declined
only 11.8% from its stabilized current. In contrast, the current at 1.5 V degraded to 59
% of its stabilised current after 14 h of operation. The electrochemical properties of
hydrogel were investigated before and after the operation.
This study demonstrated that ionic poly(acrylamide) hydrogels can be an
effective salt bridge device for water splitting application for periods of at least 14 h of
operation. The electrical and the mechanical features have been investigated.
This research contributes to the development of conducting, flexible and durable
hydrogel materials for water-splitting.
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Conclusions and Perspectives

8.1

General Conclusion

Water splitting is the general term for a chemical reaction in which water is separated
into its constituent materials, O2 and H2. In the last few decades, a lot of research on H2 and
O2 production by water splitting has been carried out as a potential solution to an ideal future
energy scenario and reduce the present dependence on fossil oil that increases greenhouse
effects. Conductive polymers, modified graphene oxide, carbon nanotubes have been
considered as organic materials, recently, within new classes of (photo)electrocatalysts for
water splitting. As a result, water electrolysis or photo-electrolysis reactions have been rapidly
enhanced due to the remarkable synergistic effects that can be gained, when they interface
with other catalysts (such as transition metals or their oxides).1-4

8. 2

Conductive Polymers

Conducting polymers are attractive materials for a new water splitting technology
because they may combine several desirable properties, including electronic conduction,5
ionic conduction,6 sensor functionality,7 and electrochromism8 (as well as other properties that
were mentioned in Chapter 1, Section 1.6). They are also considered to offer potentially
interesting photocatalytic properties under visible light. In our research, SEM/EDX, TEM,
XPS, EIS and Tafel plot studies proved that when the PEDOT or PPy are incorporated with
nanoparticles and carbon based materials, amplified catalytic effects due to amazing
synergetic properties may be realized. For example, the resulting synergistic effect can provide
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large numbers of active sites with the shortest, most conductive pathway for generated charge
carriesr (h+ and e-), which result in further enhancement of the OER or HER process.

8.3

Carbon Based Materials (Modified Graphene Oxide and Carbon Nanotubes)

As noted previously, the electronic and chemical structure of modified graphene oxide
allow it to enhance the performance of photocatalytic materials and photocatalyst supports. In
the last decades many researchers have highlighted the roles and potential roles of GO in
catalytic system. GO and rGO may act as: a catalyst in its own right, a redox mediator that
accepts and transfers electrons, within dye-sensitized solar cells (DSSC), and as a co-catalyst.
In our study, we found that rGO is also of interest when incorporated with CPs and catalytic
nanoparticles within the film electrodes.
Multiwall carbon nanotubes (MCNT) may prospectively also be a stand-alone
electrocatalyst for important reactions like the OER and HER, and even as a
photoelectrocatalyst for the HER. MCNTs can providing high active areas and prevent the
corrosion of the electrode during catalytic performance. In our study, we found that CNT
played as important a role as rGO by accepting and transfer electrons within thin-film
electrodes.

8. 4

Earth-Abundant Transition Metal Catalysts for Water Splitting

As is well-known, transition metals and their alloys, oxides and sulphate have been
widely highlighted as alternative electrocatalysts to precious metals in water splitting
applications. In addition, numerous examples of transition metal composites generate
electrocatalytic results that are better than the noble metal itself.
The composite systems studied in this work, for both OER and HER catalysis,
produced not only better catalytic behaviour than Pt itself under the same conditions but were
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also highly stable and durable. For the OER, the best thin films were (at pH 12, 0.2 M Na2SO4
and 0.8 vs Ag/AgCl): PEDOT/nano-Co3O4 /CNT > PEDOT/nano-Ni/rGO > PPy/nano-Ni/rGO
> Pt > Ni-nano/rGO > PEDOT or PPy/rGO > PEDOT or PPy/nano-Ni > PEDOT or PPy.
While for HER (0.05 H2SO4, -0.7 vs Ag/AgCl), the best thin films were: PEDOT/nano-Ni/rGO
> PPy/nano-Ni/rGO > Pt > Ni-nano/rGO > PEDOT or PPy/rGO > PEDOT or PPy/nano-Ni >
PEDOT or PPy. Co3O4 was not tested in HER catalysis because it dissolved in acidic media.

8. 5

Future Work: A Route to a New Class of Water-Splitting Semiconductors

Further work is required to investigate the prepared thin films on semiconductors that
have already proved to be interesting photolytic water splitting applications. Examples of
semiconductors that could be expected to be improved by the thin films studied here include:
TiO2, CdS, ZnO, BiVO4, ZnS, Cu2O, WO3, Fe2O3, V2O5, Ta2O5, MoS2, Ag3PO4, CdSe, FeSe2 ,
CoP2, NiFe2O4 , and so forth. While numerous studies have examined the above
semiconductors with either CNTs, or CPs or rGO, to the best of our knowledge very few have
utilized thin film CPs that have been optimized for maximum performance by inclusion of
rGO, CNTs, and Ni nanoparticles. Thus, it seems there are large gaps that are worth exploring
in the future in this field. The aim of such studies will be to investigate a variety of
semiconductors coated with the prepared films in order to try to develop a new class of
catalysts or photocatalysts that can be applied in future water splitting applications, or even
can be industry-applied for future fuel resources.
Ultimately, as mentioned in the introduction of this thesis, the catalytic effects is more
sensitive to the size of nanoparticles applied for water splitting. Future work is needed to study
the water-splitting performance of the perepared films based using a variety of nanoparticles
sizes for both Ni and Co3O4 nanoparticles.
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Appendices
Abbreviations:
RE

reference electrode, WE working electrode and CE counter electrode

Table A. Examples of recent applications of conducting polymers in water splitting.
Examples of Composite
have CP for OER, ORR
or HER and reference
No.
PEDOT: PEG: PDTT
ratios (1:2:2). 1

A brief description of working
conditions
LCD lamp equivalent to
∼3–4 suns applied as light source. The
composite loaded on Au Mylar and
acted as working electrode, Pt and
Ag/AgCl acted as counter and
reference respectively. Mixture of
Na2HPO4 and NaOH at pH 10.92 acted
as electrolyte.

Highlighted performance as reported
with adding conductive polymer.




AgNPs/PEDOT/SiNW
Arrays. 2

Light intensity of 100 mW/cm2 was
applied as light source. The composite
performed as working electrode while
SCE and Pt mesh were applied as
reference and counter electrodes
respectively. The electrolyte was
water/ meth. (1:1) at pH 1 adjusted via
H2SO4.






Nanocomposites
PEDOT-CoMn2O4. 3

Pt/TiO2/CdS/CdSe/PED
OT Photocatalytic
electrode. 4

The composite loaded on GCE and
performed as working electrode while
Pt and Ag/AgCl as counter and
reference respectively. a solution of
KOH was degassed by Ar and acted as
electrolyte. The range from -0.7 V to
0.1 V and 0.6 to 1.0 V vs Ag/AgCl for
ORR and OER study respectively. No
light applied.



Solar light simulator was used as
source of light. The composite
performed as working electrode while
Pt and Ag/AgCl as counter and
reference respectively. Mixture Na2S
and Na2SO3 acting were as sacrificial
electrolyte (pH 12).
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Interface of PEDOT with other
materials harvesting light species
producing bulk heterojunction can
improve
photocatalytic
ability
therefore PEDOT: PEG: PDTT has
higher photocurrent density (50
µA/cm2) than PEDOT (alone
achieved only 20 µA/cm2).
The presence of PEG reduce the VB
energy because its assist the transition
of electrons.
Adding PEDOT to the system rising
current density from less than 1 to 6.6
mA/cm2 at SCE.
Solar-to-chemical energy conversion
efficiency of 2.86 %.
Photocatalyst works for HER and H2
rate evolution 36.05μmol cm-2/h with
no external potential
IPCE of ∼35−42 % at visible region
from 360 to 870 nm.
Adding PEDOT to the system rising
current density from 1.5 to 5 mA/cm2
at -0.8 V vs Ag/AgCl
Surprisingly exhibits high ORR.
In comparison with commercial Pt/C,
the catalyst shows very similar
behavior in range -0.6V to -0.4V with
lower Tafel slope of 70 mV/ dec.
Very small reduction in stability after
500 CV cycles in rage -1V to 1V.
Adding PEDOT to the system raised
to 13 mA/cm2 at -0.2V vs Ag/AgCl
Adding PEDOT shifting the visible
absorbance to longer wavelength.
Adding PEDOT rising the IPCE value
to ∼17.5% and the quantum
efficiency was 6.9% at 700 nm.
Photocatalytic stability was tested
under illumination with >420 nm light
for 9 h .It was observed that adding
PEDOT increases the stability
because PEDOT reduced electrode’s
photocorrosion. TON reached about
2200.
H2 evolution rate was 1.1 mmol/cm2
in 6 h

TiO2/dye/PEDOT:PSS. 5

The composite loaded on FTO and
applied as working electrode while Pt
and SCE acted as counter and reference
electrode respectively. Pitaya peel dye
in distilled water acted as electrolyte.






MnTPPS/PEDOT:PSS. 6

PEDOT: PSS as a part
of seven layer of (BHJ)
for (PSCs). 7

NPG/PEDOT/WS2. 8

Pt0.5Pd0.5NPs/PEDOTSG/GCE. 9

Halogen light bulb 50 watt was used,
the composite was loaded in FTO glass
and acted as working electrode while
Ag/AgCl and Pt was reference and
counter electrodes respectively. 0.1 M
Na2SO4 acted as electrolyte.



Xenon lamp equivalent to 1 sun was
applied as light source. Pt and Ni foam
was used as cathode and anode while 1
M of NaOH as an electrolyte with 1.8
V of external bias. The PSCs set out of
electrolyte but connected with Nickel
foam via wire and PSCs itself was
exposed to light.
The composite supported tungsten
sulphide acted as working electrode
while graphene rode and SCE acted as
counter and reference respectively. 0.5
H2SO4 was used as an electrolyte. No
light was applied.



The composite was loaded on GCE and
applied as working electrode while Pt
acted as counter electrode. 0.5 mo/ L1
H2SO4 was used as an electrolyte .No
light was applied
















CoNiMn-LDH/PPy/
rGO. 10

Nanomaterials Co9S8@
NOSC containing poly
pyrrole solid precursors. 11

The composite loaded on GCE and
acted as working electrode. While Pt
and SCE acted as reference and WE
respectively. For ORR study, 0.1 M
KOH was used as electrolyte and LSV
range 0.95 V to 0.15 V at 5 mV/s. In
OER study 1.0 M KOH was used and
LSV range 1.25 to 1.70 V at 5 mV/s1.
No light was applied.



The composite was loaded on GCE.
While Pt and Ag/AgCl electrode and a
graphitic carbon rod were used as the
working electrode, reference and
counter electrodes, respectively. 1 M
KOH was acted as electrolyte. No light
was applied.
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Adding PEDOT to the system rising
current density from 0.6 to 1.4
µA/cm2 at 1.5 v vs SCE.
PEC for water splitting with low cost.
The presence of pitaya dye enhanced
PEC performance.
The system was work for production
hydrogen (HER)
PEDOT enhances the system
performance due to it can accept or
donate
electrons
in
suitable
conditions.
The current density increased from 37
to 48 µA/cm2 at 0.65 V vs Ag /AgCl
when PEDOT was added.
Maximum current density reached 19
mA/cm2.
The system has wide visible
absorption in range 400-650 nm.
The system works for HER via Pt and
OER via Ni foam.
Solar to fuel conversion efficiency
reached 6 %.
The system works for HER with
current density of 0.04 mA/cm2 with
low Tafel slope of 53 mV/ dec and
displayed onset potential of -164 mV.
PEDOT observed enhancing HER
activity compared to planar Auelectrode.
Cheap HER and the system stable for
more than 500 the scan of LSV
PEDOT facilitated H+ diffusion due to
its
porosity
and
supported
homogeneous dispersion of graphene
nanosheets.
Current reached 0.301 µA at low
potential of 0.1726 V vs Ag/AgCl
with Tafel of 57 mV/ dec
In LSV study, the current reach more
than 7 mA at -0.7 V vs Ag/AgCl.
The
system
exhibited
good
bifunctional electrocatalysis for both
OER and ORR.
In ORR study, the LSV reported that
the presence of Ppy in the composite
enhances the current density from -3
to - 5 mA/cm2 at 0.2 V vs RHE.
In OER study, the LSV reported
earlier onset potential at 369 mV to
obtained 10 mA/cm2 and current
reached 29 mA/cm2 at 1.7 V vs RHE
and was stable after 1500 LSV scan.
Noble metal-free system works
bifunctionally for both OER and
HER
In LSV current density increased from
10 at 1.6 to 20 mA/cm2 at 1.74 V vs
RHE.
Chronoamperometric
responses
showed at bias 1.57 vs RHE, a current
density of 10 mA/cm2over 6 h was
obtained and then gradually started to
decrease to reach 9 mA/cm2 at the end
of 10 h of the performance while at
bias 1.85 V reached 50 mA/cm2 and
was stable over 8 h.

PPy 5-TNTs. 5 refers to
elecropolymerization time
for 5 minutes.12

A simulated solar illumination was
applied.. The catalyst was loaded on Ti
foil substrate and acted as working
electrode while Pt and Ag/AgCl
performed as counter and reference
electrode respectively. 1 M KOH was
used as electrolyte.






Mo2C@NPC/NPrGO). N
and C refers to Ppy as a
source of N and C
atoms.13

The catalyst was loaded on GCE and
applied as working electrode while Pt
and Ag/AgCl were used as counter and
reference respectively. 0.5 M H2SO4
was used as electrolyte. No light was
applied.






(PBTh) on glassy
carbon.14

KL 2500 LCD halogen lamp used as a
source of light .GC measurements
carried on three references. The film on
GCE acted as WE. While Ag/AgCl
electrode used as reference. The cell
was also has counter electrode. A 0.1
M phosphate buffer of pH 6.9 was used
as the electrolyte.







NC–CoO/C. N and C
refers to Ppy as a source
of N and C atoms.15

The catalyst was loaded on GCE and
acted as WE while Pt and Hg/ HgO in
1m NaOH acted as CE and RE
electrode respectively. 0.1M KOH
used as electrolyte. No light was
applied.






Ppy-Ru(2,2′-bipyridine)3
2+
/MoSx.16

Solar light simulator was used as
source of light. The composite was
loaded on GCE and Ag/AgCl used as
reference. Aqueous H2SO4 was used as
electrolyte.






PTh-C (C refers to
oxidation polymerization
for 0◦C for 4 h and 50◦C
for 1 h.17

PTh-C was dispersed in aqueous
solution of Ascorbic Acid and exposed
to 300-xenon lamp.
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Photoelectrocatalyst
composite
working for water splitting for OER
and HER.
Higher photocurrent density at 0.23 V
(vs. Ag/AgCl) reached 3.5 mA/cm2
while TNTs alone was less than 1.5
mA/cm2.
Wide visible absorption n range 400700 nm.
IPCE reached 92.5 % at 300 nm and
was lower at visible region.
The composite works for HER
electrocatalyst.
The catalyst was stable for more 1000
of CV cycles.
The current density exhibits 60
mA/cm2 at -0.1 V vs RHE.
PPy was used as a source of N and C
as well as reducing GO agent (the
composite was burned at 900 °C for 2
h)
Efficient photoelecrodes composite
works for HER.
Early onset potential under visible
light at -00.3 V vs SCE and
photocurrent density of -45 µA/cm2 at
-1.2 V vs SCE were observed.
The
chronoamperometric
study
exhibits a current density of 35
µA/cm2 at 0.52 V vs SCE.
Interesting absorption in range 500800 nm.
The composite works as bifunctional
electrocatalyst for both ORR and
OER.
In ORR exhibits similar behaviour of
commercial Pt/C.
In OER was higher than Pt/C and
exhibits earlier onset potential.
PPy suggested to wrap CoO
nanoparticles prevent its aggregation
during the catalytic reaction.
Efficient photoelecrodes composite
works for HER.
At pH 0.3 and with external bias of 0.3 V vs Ag/AgCl, the photocurrent
reached -40 µA/cm2 while at pH 3, the
photocurrent reached – 5 µA/cm2.
The H2 evolution rate at pH 3 reached
0.33 μmol while at pH 0.3 reached
0.53 μmol.
The system works for HER with rate
reached 2.8-mmol/ h1 g1.
The system worked for 20 h with little
reduction of its HER activity.
Good light absorption in range 300600 nm.
PTh was working alone for HER and
the temperature of
oxidation
polymerization was the control to
optimized HER effect.

TiO2/Au/ PTh. 18

PTh-rGO-TiO2
nanocomposite.19

50 mW/cm2 a solar simulator used as
light. The composite was loaded on
FTO and performed as WE while
Ag/AgCl and Pt used as RE and CE
respectively. 0.5 M NaSO4 used as
electrolyte.



The catalyst mixed with methylene
blue and exposed to 250 W tungstenhalogen lamp.










CdS/PTh nano
composites.20

Ppy/FeTCPP/Co.21

An amount of photocatalyst dispersed
in methyl viologen and exposed to 250watt 250-halogen lamp.



The composite loaded on GCE
electrode and acted as WE. While a
graphite rod and SCE were performed
as CE and RE respectively. 0.1 M KOH
was used as electrolyte. No light was
applied.









The system works for HER with
evolution rate reached 2.929 mmol/ h
m2.
The photocurrent density reached 0.2
mA/cm2 at bias of 0.5 vs Ag/AgCl.
Two distinctive board absorption
peaks the first from 200-400 nm and
the second from 500-700 nm. The first
due to all composite contents and the
second
related
to
plasmatic
absorbance
of
metallic
Au
nanoparticles.
The
system
works
as
a
photoelectrocatalyst for HER .
The quantum efficiency reached
14.2% at 400 nm.
Wide board absorption from 200-350
nm.
Adding PTh to the system raised
hydrogen evolution rate from 160 to
214.08 µmol/h.
The photocatalyst works for HER
activity with evolution rate
Wide range absorption increased
steadily from 400-800 nm.
Cheap,
efficient
and durable
electrocatalysts for ORR, OER and
HER.
The ORR study showed similar
behaviour to Pt/C. For OER study the
current density exhibits similar to
RuO2 nanoparticles.
The HER study showed higher current
density of -10 mA/cm2 at -2.4 V vs
RHE.

Table B: Examples of water electrolysis and PEC water splitting based on modified
graphene oxide
Examples of Composite
have CP for OER, ORR
or HER and reference No.
CdS/MoS2/graphene
hybrids. 22

A brief description of working
conditions
The hybrid was dispersed in
aqueous solution of lactic acid,
suspension was purged with argon
to remove dissolved air. Then the
system exposed to 300W xenon
lamp with a 400 nm cut-off filter.

Highlighted performance as reported with
adding rGO or CNT
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H2 production rate of 1913 mol/ (h.g), EIS
spectra showed that presence of graphene
increases the charge carrier transfer
significantly.
2D graphene layer offers high specific
surface area, which is critical for highefficiency photocatalysis.
Graphene acted as both electron acceptor
and charge transporter resulting in
superior activity of the synergic system.
Charge carriers recombination was
inhibited due to the existence of graphene
with high conductivity
and the
intermediate energy levels of graphene in
composites

Hybrid CNS:S-Se-Gr
(CNS = Gr-C3N4 , Gr =
graphene) through a
thermal exfoliation
method.23

PSGM/rGO/CdS
catalyst.24

The catalyst was dispersed in
deionized water, with sodium
sulphite and lactic acid as holes
scavengers. Then the system was
exposed to 500 W Xe lamp. Bias
potential of 0.2 V vs Ag/AgCl was
applied. Prior to the experiment,
the cell was purged with N2 gas to
exclude O2. Pt wire and Ag/AgCl
were used as counter and reference
electrodes respectively.



The catalyst was dispersed in
aqueous solution containing 0.5 M
Na2SO3 and 0.5 M Na2S as
sacrificial reagents. Then it
exposed to a simulated solar light
irradiation (λ > 400 nm).















TiO2-GQDs
heterostructures .25
(Graphene quantum dots =
(GQDs)

Graphene-intercalated
Fe2 O3/TiO2.26

The catalyst worked as WE while
Pt as CE, a saturated Ag/AgCl
electrode was used as the RE,
aqueous solution (0.5 M) of
Na2SO4 was used as the electrolyte
and the pH of the solution was 5.9.
The electrolyte was bubbled with
nitrogen gas for 30 min.
Illuminated using a 300W Xe
lamp.



Solar light simulator was applied
as light source. The sample was
kept in a 3 electrode PEC cell with
0.1 M NaOH electrolyte. External
potential of 1.23 V vs RHE was
used as RE











(Bi2S3/rGO)5/TiO2.27

The light source was 300 W Xe
lamp with a UV cut-off filter (420
nm). While the catalyst acted as
WE, Pt foil as a CE and saturated
calomel electrode (SCE) as a
reference electrode A mixture of
0.35 M Na2SO3 and 0.25 M Na2S
at pH 12.4 was used as an
electrolyte. Bias of 0.0V vs SCE
was applied.
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Hydrogen evolution rate was 2.59 mmol/
(g.h).
Graphene acted as electron-conducting
channels.
Presence
of
graphene
increases
significantly the visible absorbance (400800nm). 8.2% apparent quantum
efficiency has achieved in lactic acid.
Heterojunction of CNS: S-Se-Gr resulted
in an improved optical absorption,
oxidation potential, surface area,
interfacial charge transfer and charge
carrier lifetime.
A hydrogen evolution rate of 175 µmol/ h.
The quantum efficiency of the 3.99% at
420 nm was obtained.
Graphene acted as electron acceptor and
H2 evolution sites.
The catalyst showed high absorption in
both ultraviolet and visible region. After
20 h reaction, the catalyst still kept high
H2 production
The heterojunction formed between CdS
and graphene facilitates electrons transfer
from CdS to graphene and reacted with
protons on the active sites on graphene.
The recombination reaction was
suppressed due to the heterojunction of
this hybrid.
The absorbance has increased at both UV
and visible region up to 600 nm.
The photocharge carriers generated at
both TiO2 and GQDs so both valence
band of GQD and TiO2 involves in water
oxidation. Graphene may have a role as
sensitizer and catalyst.
The hybrid system worked as an O2
evolution system. Current density of 0.18
mA/cm2 was obtained after GQDs
sensitization
The presence of graphene oxide improves
the photocatalytic effect.
Higher photocurrent density (0.85 mA/
cm2) was achieved at 1.23 V vs RHE and
shifted the onset potential for water
splitting was shifted by 0.25V vs RHE
toward lower value.
Graphene acted as a charge acceptor and
a charge transfer material.
Graphene-intercalated
Fe2O3/TiO2
exhibits
noticeably
reduced
recombination of the generated e- and h+.
rGO has increases visible absorbance
especially at the range 400nm to 800nm
and the photocurrent density reached 2.0
mA/cm2.
Graphene facilitated charge transfer from
Bi2S3 to TiO2 with high resistance to the
recombination reaction.
A conversion efficiency of 1.2 % at 0.47
V (vs RHE) under visible light (λ > 420
nm which it was higher than different
structures made from these components
by 4-5 times). rGO and Bi2S3 act as a
charge transporter and sensitizer
respectively.
EIS measurements on Bi2S3/rGO)5 /TiO2
worked as a semiconductor.

Hydrogenated graphene
/TiO2−x composites.28

Solar light simulator equipped
with CuSO4 pass filter in range
(310 nm < λ < 625 nm) was used
as a light source. 0.01 M AgNO3
were used as a sacrificial agent.
Bias of 1.25 V vs Ag/AgCl
reference was applied. Ag/AgCl
electrode and Pt were applied as
RE and CE respectively. 0.1 M
HClO4 was used as an electrolyte.







Mo-doped BiMo0.03V0.97O4
(BiMoVO)/Graphene.29

Solar light simulator with cut filter
at 420 nm was used as a light
source. The thin-film catalyst was
applied as a WE, Pt as a CE and
Ag/AgCl electrode as a CE.
External bias of 1.0 V was apllied.
0.1 M Na2SO4 neutral solution was
used as an electrolyte.








SnS on N-reduced
graphene (N-rGr)
sheets.30

The catalyst was loaded on GCE
and applied as a WE. While
Ag/AgCl electrode and Pt were
applied as RE and CE
respectively. Mixture of 0.5 M
H2SO4 used as electrolyte. Finally,
external bias of 1.0 V was applied.
No light applied in this system.








Novel NiO/rGO/TiO2 p-n
heterostructured
material. 31

A white light was used as light
source. The catalyst performed as
working electrode while Ag/AgCl
and Pt applied as RE and CE in 1
M NaOH solution. A bias of 0.2 V
vs Ag/AgCl was used.
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The system was working for both O2 and
H2 evolution and wide light absorption in
range 300-800 nm.
Photocurrent density reached 0.055
mA/cm2 at 1.25 V vs Ag/AgCl.
The rate of H2 production was determined
to be 3.5μmol/h. Quantum efficiency was
calculated to be 0.068 %.
Graphene acted as interfacial electron
transport material and efficiently retards
the charge recombination.
H2 evolution rate was 15.6 µmol m2/ h and
O2 evolution rate at 4.2 µmol m2/h with a
lesser value.
Increased visible absorption from 520700 nm and the photocurrent density
reached 3.5 mA/cm2.
Graphene acted as an electrons acceptor
from BiMoVO and electron transfer
material.
The system worked for H2 evolution only
and photocurrent decreased by 8.6 % after
10 hours.
The presence of graphene decreases the
recombination reaction resulting in
increase of the lifetime of photo-induced
electrons.
The conversion efficiency of BiMoVO
/Graphene was 50% higher than BiMoVO
alone under the incident light illumination
of 440 nm.
The electrocatalyst had high activity in
acidic, neutral and alkaline media.
Low overpotential achieved at -125 mV
and Tafel slop of 38 mv dec-1 with long
term durability.
The system has worked for H2 evolution
reaction.
Graphene has functional group, which has
strong coupling with SnS and played a
role in charge transport pathway. TOF
reached 0.23 /s at 125 mV
Low faradaic impedance or chargetransfer impedance reached at 98 Ω.
rGO interfaced between p-type NiO and
n-type TiO2 resulted in enhance of
photocatalyst effects.
XPS spectra of NiO/rGO/TiO2 composite
shows hierarchical hetero- structures and
purely contain Ni, Ti, O and C and
absence of any contaminants.
The system has worked for H2 evolution
and the rate of this gas evolution reached
240 μmol/h/g and photocurrent reached 7
µA/cm2.
EIS spectroscopy revealed that the charge
transfer resistance was smaller at the light
than at the dark due to the presence of
rGO.
The graphene worked as an electrical
charge transfer material

rGO-BiVO4 deposited on
FTO. 32

The 0.4 M potassium borate in
aqueous solution was used as an
electrolyte with pH 9.2. Light
source was AM 1.5 G simulated
sunlight (100 mW/cm2). Catalyst
film was applied as WE. Pt sheet
and Hg/Hg2Cl2 as CE and RE
respectively.








Nitrogen-doped graphene
oxide dots (NGODs).33

Light source was 300-W xenon
lamp with band-pass filters 420800 nm. The catalyst was
dispersed in aqueous solution of
triethanolamine.






Co (NPs) combined with
N-doped graphene film
(Co@NGF.34

The catalyst film was applied as a
WE,
Hg/Hg2Cl2
electrode
(saturated KCl) and a platinum
wire were used as the RE and CE
respectively. Finally, 0.5 M H2SO4
aqueous solution was used as the
electrolyte.








Nitrogen (N)‑Doped Nb2O
/rGO Nanocomposite 35

Graphene–Pt–CdS (GP–
CdS NWs) nanowires.36

The 300 W xenon lamp with a cut
off filter to obtain radiation of λ >
420 nm was used as a light source.
The catalyst was dispersed with
Nafion and ethanol and loaded on
ITO as WE. While SCE and coiled
platinum wires were used as the
RE and CE, respectively. 0.1 M
sodium sulphate solution was used
as the electrolyte. An external
potential 1.9 V vs SHE was used.
300 W xenon lamp, cut-off filter
(>400 nm)was used as a light
source. The catalyst deposited on
FTO as a modified WE. While Pt
plate and Ag/AgCl electrodes
played as CE and RE respectively.
Mixture of solution of Na2S 0.1 M
and Na2SO3 0.1 M was used as an
electrolyte.
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The visible absorbance was enhanced
between 500-700 nm.
The system was working for both H2 and
O2 evolution.
Charge separation efficiency of rGOBiVO4 was enhanced from 59 to 78 % at
420 nm and 1.23 VRHE.
The onset potential for cathodical water
splitting shifted by approximately 120
mV compared to pure BiVO4.
Faradaic efficiencies of H2 and O2
production were calculated to be 88.6 and
72.9 % respectively.
Graphene has provided an excellent
electronic conductivity providing a
channel for electron transport.
The catalyst steadily catalysed H2
production
under
visible
light
illumination for 96 h.
Quantum yield 16.0% under 420-nm light
NGODs acted as photocatalyst for H2
evolution.
NGO acted as charge transfer and electron
media.
Early onset potential at -14 mV (vs. RHE)
with a small Tafel slope of 93.9 mV/dec.
Catalytic current remained constant after
50000 s indicating strong durability.
The photocurrent density reached over 6
mA/cm2.
The catalyst electrode was applied for
both reduction and oxidation of water.
Co@NGF based on earth-abundant
elements.
Graphene doped with N atom film acted
as an accepting and transferring electron
material.
The photocurrent density reached over 10
µA/cm2 at the external potential 1.9 V.
The system has worked for H2 evolution
reaction.
rGO acted as a solid-state electron
mediator.

The system has worked for H2 evolution.
The H2 rate reached a value of 3984 μmol
(h.g) higher than bare CdS NWs by 4
times.
Graphene and Pt acted as cocatalyst
together with modified CdS for H2
production.
Highly active surface area achieved. It
reached 19.55 m2 /g. The photocatalytic
H2 evolution activity slightly reduced to
reach 80% after four cycles (each cycle
has 5 hours of operation).
The impedance plot of GP-CdS NWs has
a smallest radius than other controls
composites such Cds, G-Cds and Pt-CdS
NW electrodes.

ZnS- GO.37

rGO modified 3D αFe2O3.38

300 W Xe lamp, UV cut off filter
(λ > 420 nm) was used as a light
source in gas-enclosed circulation
system, catalysts were dispersed in
aqueous solution contains 0.35 m
Na2S and 0.25 M Na2SO3, the
system was degassed under
vacuum condition to remove the
dissolved O2, bias potential of 0.5
V vs Ag/AgCl was apllied.
Ag/AgCl was used as a RE and Pt
as a CE.
Fe2O3-rGO photoanodes was used
as a WE. Ag/AgCl applied as RE
and Pt wire as the CE. 1 M NaOH
(pH 13.6) aqueous solution was
used. N2 gas was bubbled through
the solution prior to the
experiment to remove any
dissolved O2. No light was applied












CuInS2(CIS)/graphene
oxide nano- films.39

Hierarchical graphene
/CdS /Ag2S sandwiches
nanofilms.40

Xe light illumination of 100 mW
cm-2 was used as a light source.
The catalyst was used as WE while
Pt foil as counter electrode and
saturated Ag/ AgCl used as RE.
Na2S (1 mol/L) used as the
electrolyte. External bias at 0.16 V
vs Ag/ AgCl was applied.



Xe light illumination of 100 Mw
was applied as a light source. The
catalyst nanofilm applied as WE at
0.55 V vs saturated Ag/AgCl. Pt
foil applied as a CE. Finally, Na2S
was used as an electrolyte.













Cu2O
nanoparticles/MnO–
MnO2 nanorods forms
heterojunction. 41

Solar simulator was used as a light
source. 0.1 M KHCO3 was used as
an electrolyte. Pt film and
Cu2O/MnO2/ Graphene/ITO are
anode and cathode, and 0.6 V bias
voltage. (No reference).
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The system has worked for H2 with
evolution rate of 7.42 μmol/ (h. g). It was
8 times higher than ZnS.
Graphene acted as a sensitizer that
absorbs photons and injects electrons in
CB of ZnS.
The absorbance increased in range 500
and 700 nm.
The current density reached 0.24
mA/cm2. ZnS-GR has 0.1% GR (w/w%)
and reaches a high photocatalytic H2
production rate.
rGO was conductive for electrons transfer
in passive layers.
rGO reduces the recombination reactions
increases the charge injection efficiency.
The current density raised to (1.06 mA/
cm2, at 1.23 V vs RHE) when the catalyst
applied.
Enhanced photocurrent density to 1.06
mA/ cm2 which means 1.47 times higher
than that of the pristine Fe2O3 at 1.23 V
vs. RHE.
Increased UV and visible absorbance
region (350 -600 nm).
Facile, inexpensive, and environmental
friendly method.
The photocurrent density of the catalyst
reached 2.47 mA/cm2. The presence of
graphene to reduce the recombination
reaction of the photogenerated charge
carriers.
High visible absorption, especially
between 400-700 nm regions was
achieved. Graphene acted as a
photocatalyst semiconductor for water
splitting and CuInS2 as cocatalyst for H2
evolution.
Photocurrent density up to 5.18 mA/cm2.
Graphene acted as electrons acceptor.
High light harvesting due to the broaden
solar absorption resulting in an increasing
photo effects.
Graphene offers an excellent electron
accelerator to obtain better electroninjecting efficiency between CdS and
Ag2S.
The hydrogen generation efficiencies
reached a value of 4.11%. The system has
worked for H2 evolution with maximum
hydrogen generation, 221 μmol/h.
The catalyst was working for H2 evolution
with a high rate of 33.0 mL/min m2.
The catalyst has absorbed only 2.3% of
visible light.
Graphene acted as an electron transition
pathway.
Highly efficient, low-cost, and flexible
photoelectrochemical cell.
Wide absorbance for the catalyst from
500-800 nm.
Due to the heterojunction of this catalyst,
the recombination reactions between h+
and e- were suppressed. The photocurrent
was raised to reach 14 A/m2 at bias
voltage of 1.4 V and the IPCE around 7%
at 400 nm.

Z-scheme system
composed of (Ru-complex
/SrTiO3: Rh)-(RGO /
BiVO4.42

NiFe/rGO composite.43

300 W Xe lamp fitted with cutfilters allowed only to visible light
in range (400-800) nm was used as
alight source. The photocatalyst
powder was suspended in water at
pH 3.5 adjusted with H2SO4. The
electrolyte was degassed by Ar to
exclude the O2 .



A simulated solar light of 1.5 G
filtered and calibrated to 1 sun
(100 mW/cm2) was used as light
source. 1.0 M KOH used as an
electrolyte. While Pt wire and
Ag/AgCl used as CE and RE
respectively. The catalyst was cast
on carbon paper and performed as
WE.












(Ga1−xZnx)(N1−xOx)rGO.44

A light source was 300W Xenon
lamp was used as a light source
while photocatalyst was dispersed
in aqueous solution that has 10%
ethanol.








[CNT + GO]/Co/Cu2O.
CNT.45

C3N4-rGO-WO3
composites. C3N4-rGO. 46

Highly ordered γ -Fe2O3 /
rGO.47

500 W Xe lamp was used as a light
source with cut-off filter at 400
nm. The catalyst was dispersed in
aqueous electrolyte of 0.6 M
Na2SO3 and 0.1 M Na2S



UV–vis lamp cut-off at 420 nm
was used as a light source. The
catalyst was loaded with 1 wt % of
Pt then suspended on 100 mL of
water with 10 mM with AgNO3 as
an electron acceptor. The
electrolyte was purged with pure
Ar to remove air.
UV light at 360 nm was used as a
light source. Ag/AgCl and Pt were
RE and CE respectively. Catalyst
was mixed with carbon black and
polyvinylidene fluoride (PVDF)
then deposited on Cu foil as
working electrode. 1.0 M NaOH
buffer solution at pH 13.6 was
used as an electrolyte.
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The system has worked for both H2 and
O2 evolution under visible light
irradiation (λ> 420 nm).
TON reached 450 after 8.5 h of
irradiation.
Graphene acted as a solid electron
mediator to construct efficient Z-scheme.
H2 evolution rate around 70µmol and O2
evolution rate 35 µmol during 8 h.
The system has worked for O2 and H2
evolution reaction. H2 and O2 evolution
rates were 120 and 60 µmol during 180
minutes respectively.
Higher photocurrent of 0.95 mA cm−2 at
1.23 V.
The rGO was working as conductive
electron pathway.
Nyquist plots recorded lower resistant
charge transfer.
Practical electrocatalyst with high
activity, stability, and low cost.
Presence of rGO increased the visible
absorbance especially at the range 500nm
to 800nm.
The catalyst with rGO shows high surface
area and more mobility for the charge
carrier enhancing the photocatalytic
activity.
Adding rGO more than 30% resulted in
reduction of the photocatalytic activity.
(Ga1−xZnx)(N1−xOx) was responsible for
water splitting and rGO was supporting
and e- conductive network.
The catalyst had higher photo- catalytical
performance for H2 production than bare
(Ga1−xZnx)(N1−xOx).
The catalyst worked for H2 evolution with
rate of 0.21 mmol after 300 min.
Apparent quantum yield was 16.6 % at
420 nm.
Economical way to produce H2.
Some amount of graphene was formed
accidently through fabrication process of
CNT pre-treatment (exfoliated tube wall
of CNT) (role not mentioned)
The system showed the evolution rates of
2.84 and 1.46 μmol h1 for H2 and O2
respectively.
Quantum yield obtained was of 0.9% at
420 nm.
rGO acted as an electron mediator.
High light absorbance was observed
especially at beginning of visible region.
Photocurrent density reached 6.74
mA/cm2 vs RHE. It was 4 times higher
than pristine iron oxide.
Current conversion efficiency (IPCE) of
4.7%, which is 3.7 times than pristine γ Fe2O3. The catalyst has low Tafel slope of
39 mV /dec1.
rGO acted as electrons acceptor
increasing electron-hole separation and
suppressing the recombination reactions.

Pt-loaded CuGaS2 and
rGO-TiO2 composite Zscheme system.48

A 300 W xenon arc lamp with a
UV-cut-off filter λ ≥ 420 nm was
used as light source. Pt-loaded
CuGaS2 and rGO-TiO2 dispersed
in water was exposed to that light.





rGO/Fe3O4-ZnO.49

rGO for passive
membrane (rGOBPMs.50
(BPMs = bipolar passive
membrane)

Ultrathin hematite films
on FTO glass.51

Au–rGO/N-rGO–TiO2
composites. 52

Solar simulator light was used as a
light source. The catalyst was
loaded on carbon via screenprinting then applied as a WE.
While carbon was used as CE, and
Ag/AgCl electrode used as
reference electrode. 0.1 M KOH
was used as an electrolyte.



Solar simulator light was used as
light source. The catalyst was spin
coated on AEL-interfacial layer
sheets. At high pH condition, the
system was suited for OER while
at low pH conditions the system
was working for HER.



300-W xenon lamp with a cut-pass
filter (λ > 420 nm) was used as a
light source. The catalyst
performed as WE while Pt wire as
CE, and an Ag/AgCl as a RE. 1.0
M NaOH was used as an
electrolyte. External bias at +1.5 V
vs RHE was applied.



300 W xenon arc lamp w.s used as
a light source, Cool air circulation
was apllied to keep temperature
constant. The catalyst was
dispersed in aqueous solution in
ethanol.

















ZnO nanowire arrays
(NAs)/rGO/ZnIn2S4
heterojunction.53

Solar simulator was used as a light
source. The catalyst performed as
a WE. 0.5 M Na2SO4 used as an
electrolyte and purged with N2
prior to use. Pt wire and Ag/AgCl
as a CE and RE respectively.
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The system was working for H2 and O2
evolution rate in a stoichiometric amount
of H2 and O2 during 12 h of operation.
rGO acted as a conductive solid-state
materials enhancing transferring of
electrons between photocatalyst particles
in a Z-scheme system for water splitting
The quantum yield was 1.3% under 380
nm
Photocurrent density increased from 520
μA/cm2 to 850 μA/cm2 at 1.23V with the
presence of rGO.
The photocatalyst showed wide
absorption in UV and visible region.
The system has worked for O2 evolution
reaction.
Graphene acted as interfacial charge
transfer process from the core-shell
Fe3O4-ZnO and prevented the charge
recombination.
The system performed for either OER or
HER depending on pH conditions.
rGO worked as an electrical junction
resulting in enhancement of the electrical
conductivity.

rGO acted as a co-catalyst to enhance
PEC water splitting and facilitate the
efficient charge transfer resulting in lower
charge recombination.
The system has worked for H2 evolution
reaction with H2 rate 45 µmol/cm2 during
4 h.
A photocurrent of 0.61 mA/ cm2 vs RHE
with IPCE reached 10.4%. The catalyst
has wide absorbance in 300- 600 nm.
H2 evolution rate reached 525 µmol/(g.h)
Maximum apparent quantum yield
(AQY) was 2.47% and without a
sacrificial agent the H2 evolution rate was
reached 22 μmol/gh and the AQY reached
0.1%.
rGO played a role as electrons transporter.
Wide visible absorbance between 500650 nm regions.
Graphene served as a catalyst with
nanogold and transfered electrons from
gold directly to CB of TiO2
rGO acted as high electron mobility
material enhancing the electron transfer,
increased the active surface area, reduced
the energy barrier for water splitting
resulting in enhancing PEC performance.
Photon-to-hydrogen
conversion
efficiency was enhanced by 200 %
compared to pristine ZnO.
Photocurrent density reached over 2.2
mA/cm2 at 1 V vs Ag/AgCl and 1.41
mA/cm2 at 0.5 V.

Cu–TiO2(P25)–graphene
ternary composite.54

Solar simulator was used as light
source. The catalyst was used as
WE. While Pt wire as CE, and
Ag/AgCl as RE. Aqueous solution
with ethanol was applied as an
electrolyte.






rGO/Fe2O3
nanostructured
photoanodes. 55

TiO2/rGO composites.56

450 W Xe lamp was used as light
source. The catalyst films was
deposited onto the FTO substrates
and used as a WE. Ag/AgCl
electrode and Pt were applied as
RE and respectively. NaOH at pH
13.6 was used as the electrolyte.
Simulated sunlight illumination
was used. The catalyst was
suspended in water then exposed
to the light.









Graphene coatings on
nanotextured silicon. 57

Light with 100 mW cm−2 (1 sun)
illumination was used as light
source. Pt was applied as CE and
SCE applied as RE, housed in a
photochemical cell with a quartz
window and NaOH solution
performed as an electrolyte.








(Graphene nanosheets)
GNS-V2O5-TiO2
composite. 58

Catalyst was dispersed in aqueous
solution of acridine orange (AO)
dye and irradiated with direct
sunlight.






rGO–CdS–
polyoxometalate
nanocomposite film.59

Cu–Cu2O–graphene
nanocomposites. The
catalyst prepared via
simple reflux synthesis
route.60

Solar light simulator was applied
as light source. Photocatayst‘s
film on the ITO electrode applied
as WE. While Pt foil was applied
as CE and (SCE) applied as RE.
Finally, Na2S solution used as the
electrolyte.
Sunlight simulator using xenon
arc lamp (300 W) was used as light
source. The catalyst was mixed
with methanol and 1 mL of
H2PtCl6 solution and then exposed
to the light.
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The system worked for H2 evolution with
rate of 1.90 mmol/ g1
The composite has high degradation rate
of methyl blue (MB) under the visible
light .
rGO acted as e- acceptor, inhibiting
recombination by trapping electrons to
promote charge separation.
Ti-C and TiO-C bonds that are formed
narrowed the band gap energy of TiO2
improving PEC effects.
With rGO, the photocurrent density
increased from 0.56 to 0.82 mA/ cm2 at
1.23 VRHE.
rGO reduced the recombination reaction
rate.
Wide light absorption from 400-800 nm.
rGO acted as an electron transfer channel.
The visible absorption was wider with
rGO.
The photocurrent increased to reach 0.826
mA/cm2, which it was 3.5 times higher
than pristine TiO2.
The system has worked for H2 with an
evolution rate of 889.28 μmol/g1h1.
rGO acted as an electrons acceptor.
The system was effective for O2 evolution
reaction.
Photocurrent density was measured to be
35 mA cm−2.
3D texturing of Si electrode surface
resulted in significant enhancement of the
OER performance
The presence of rGO increased the
stability of the catalyst against corrosion
by 50 times.
rGO acted as a stable electron
transmission route.
The photocatalyst exhibits an efficient
photocatalytic activity and very high
stability.
Graphene has been accepting and
transferring electrons.
The catalyst has visible absorption from
400-550 nm.
The catalyst has successfully degraded
AO pollutant under sunlight (water
remediation) and suggested to be
successful in water splitting.
rGO acted as charge separation and
electrons transporting material.
The photocurrent density with rGO was
increased to o 0.35 mA/cm2.
High light absorbance between 380-525
nm was observed
The catalyst obtained higher absorption
especially in range (200-550) and (700800 nm).
The system has worked for H2 evolution
reaction with H2 rate reached 16.2 µmol
/hg.
rGO acted as electrons acceptor and
electron transfer agent and reduced the
recombination
of
photogenerated
electrons-holes .

G-x/Cu2O/Cu nanowire
arrays modified with an
optimized concentration
of graphene.61

Light of AM 1.5 (100 mW cm−2)
was used. Ag/AgCl was applied as
a RE. While Pt wire as CE. 1.0 M
Na2SO4 solution was used as an
electrolyte.








Amphiphilic block
copolymer poly(isopreneb-acrylic acid) (PI-b-PAA)
immobilized on CdS
nanoparticles.62
Anatase-graphene-rutile
hetero junction
structure.63

500 W Xenon lamp was used as
light source. The catalyst added to
an aqueous solution of 4nitroaniline with N2 bubbled to
degassed O2 then the system
exposed to the the light.
Light source was 300 W Xe arc
lamp. The catalyst was dispersed
in aqueous methanol solution with
H2PtCl6. Then the system was
exposed to the light.








TiO2 –V2O5 –C
nanostructure grafted by
N-doped graphene (GN–
TV). 64

The light source was 300 W Xe arc
lamp. Hg/Hg2SO4 in K2SO4
saturated solution was employed
as the RE and Pt rod applied as
CE, the catalyst deposited on FTO
and applied as WE. 0.2 M Na2SO4
at pH 6.8 was applied as
electrolyte.







GNS–TiO2 and GNS–
ZnO nanostructures.65
(GNS = graphene nano sheet).

The direct sunlight was used as the
light
source.
Photocatalyst
sonicated in water with Methylene
Blue (MB) and exposed to the
light.







Graphene (G–TiO2)
composite films. 66

400 xenon arc lamp with light
equipped with a UV cut-off filter
was used as a light source. Pt wire
was applied as the CE, Ag/AgCl
applied as RE. 1 M NaOH was
used as an electrolyte solution.
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The system exhibited a highest current
density of 4.8 mA/ cm2 among other
controls samples. It was two times higher
than pure Cu2O at 0 V vs RHE.
The solar conversion efficiency reached
3.3% at external bias - 0.55 V.
The system was bifunctional for H2 and
O2 evolution reaction.
The faradic efficiency for H2 evolution
rate was 74 %.
The Graphene in this system suppressed
both the charge recombination a
photocorrosion of the composite.
The system works for H2 evolution.
Wide visible absorption gained in rang
600-750 nm..
rGO acted as donor–acceptor systems
promoting electron-transfer process.
The catalyst worked for H2 production
with H2 rate reached 1.714 mmol/h.
Adding 2 % of graphene, resulted in the
system reached its highest photocatalyst
activity.
Graphene acted as electron charge
transfer agent.
The system was working for H2 and O2
evolution. N atom doped GO is an
excellent material with uniformly
interconnected interfaces.
The catalyst has wide visible absorption
up to 590 nm.
EIS spectroscopy showed that the catalyst
has low resistance.
Graphene in this system was not only act
as multi-dimensional channels for
electron transport but also has good
structural stability can prolong the life of
the composite.
The catalyst has visible absorbance
between 500-700 nm.
The graphene acted as interfacial transfer
material and enhanced the charge carrier
for a better conductivity and higher
catalytic activity,
The graphene decreased the rate of
electron–hole pair recombination as well
as played a part as co-catalyst.
The system has worked for MB
degradation and considered as potential
material for water splitting.
Adding 1.0 wt. % of graphene resulted in
the system showed highest photocurrent
density (441 µA/cm2). This photocurrent
density was higher than pure TiO2 films
by tenfold.
The presence of graphene was to suppress
the recombination reactions and enhance
the photocatalytic activity.
The graphene acted as electron transfer
agent reducing e--h+ recombination.
The system has worked for O2 and H2
evolution.

rGO-TiO2 nanoparticles
(np) composite.67

100 mW cm-2 illumination was
used. The catalyst was applied as a
WE. Pt foil was applied as a CE.
SCE electrode applied as a RE. 0.5
M Na2SO4 was used as electrolyte.
A bias of 1.0 V vs SCE was
applied.







rGO/Agx-1ZnxO
composite.68

Au loaded on graphene
and TiO2 surface .69

Solar light simulator was used as
light source. A solution of 0.1 M
NaOH was used as an electrolyte.
Pt wire mesh as CE. Ag/AgCl as
the RE. The catalyst was applied
as WE. External bias of 0.8 V vs
Ag/AgCl was applied.



Irradiation by high-pressure Hg
lamp in the UV-visible region, the
catalyst dispersed in aqueous
methanol solution then exposed to
the light.










Ta2O5/graphene
composite. 70

Ag-TiO2-graphene
ternary nanocomposites.71

ZnS/graphene/MoS2
nanocomposite.72

Ultraviolet irradiation via Xe lamp
with cut off filter (200-400 nm)
was used as light source. The
catalyst dispersed in methanol and
then exposed to the light.



Xenon lamp was used as the light
source. The catalyst was dispersed
in aqueous solution that contains
ethanol /H2O solution. Prior to
experiment, the solution was
bubbled with N2 gas and then
exposed to the light.



300 W Xe lamp irradiation was
used as light source. The catalyst
was dispersed in aqueous solution
of 0.005 M Na2S and 0.005 M
Na2SO3 and then the system
exposed to the light.














Pt/rGO–BiVO4
composite.73

Solar light simulator. Pt gauze
applied as a CE, Ag/AgCl
electrode applied as RE and thin
film of the catalyst as WE at 0.6 V
vs NHE. 0.2 M Na2SO4 adjusted at
pH 7 buffered solution was used as
an electrolyte.
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The system has worked for H2 generation
Both photocurrent density of the catalyst
and the hydrogen generation rate
increased to reach 3.4 mAcm-2 and 127.5
mmole cm-2/ h respectively.
The graphene acted as electrons
scavenger and conductor.
The presence of graphene increased the
visible absorbance.
Wide visible absorbance gained in range
400- 800 nm.
The photocurrent density increased to
reach 2.48 mA/cm2 at 0.8 V vs Ag/AgCl.
The graphene acted as an electron
conductor transfer material, improved the
charge
separation
and
enhanced
photocatalytic activity.

The system was working for H2
generation with the rate of 1.34 mmol /h1
while pristine TiO2 produced only 0.56
mmol /h1
The graphene in this system suppressed
charge recombination reaction and
accepted and transported the electrons
from
the
excited
semiconductor
improving interfacial charge transfer
processes,
The graphene provided much more active
adsorption sites and photocatalytic
reaction centres
The visible absorbance increased in range
400-650 nm.
The system works for H2 evolution with a
rate up to 30 mmol/ (g. h).
An apparent quantum efficiency of 33.8%
at 254 nm.
The photocatalyst was durable over 5 h.
The graphene acted as interfacial charge
transfer material and suppressed the
recombination reactions.
The visible light absorption increased at
400- 800 nm range.
The system works for H2 evolution with at
rate 2.12 mmol/g.
The graphene improved the lifetime of the
electrode and photo-generated electronhole pairs and faster interfacial charge
transfer rate.
The catalyst worked for H2 evolution with
a rate of 2258 μmol/ (h.g)
The photocurrent density of this catalyst
reached 10 mA/cm-2 at a small
overpotential of merely 0.366 V.
A small Tafel slope of ∼40 mV/dec was
obtained.
The graphene served as an excellent
electron acceptor and transporter.
The maximum photocurrent value
reached 200 µA/ cm2.
The rGO acted as electrons conductive
channel (accepts and transfer electrons).
The system works for water oxidation
(evolution O2).

CeOx/G
Nanoparticulate.74

Sunlight simulator was used as an
electrolyte. The catalyst dispersed
on aqueous AgNO3 and then
exposed to the light.





Graphene–ZnxCd1−xS
composites.75

Sunlight simulator was used as
light source. The catalyst
dispersed in mixed Na2S and
Na2SO3 as an electrolyte, prior to
use bubbled with N2 to remove
dissolved O2.








Porous Zn0.5Cd0.5S nano
sheets /rGO composites.76

Light source was Xe lamp of 300
W with a UV cut-pass filter (λ >
420 nm). Pt foil applied as CE and
(SCE) applied as RE. The
photocatalyst was casted on ITO
glass and applied as WE. A
solution of 0.1 M Na2S and 0.1 M
Na2SO3 applied as the electrolyte.
Bias of 0.6 V vs SCE was applied.







G@MnO2 NWs. 77

α-Fe2O3/GIO electrode.78
(GIO = graphene inverse
opal)

SCE electrode applied as the RE,
Pt foil applied as CE. The catalyst
was mixed with Nafion, deposited
on GC, and applied as the WE. A
solution of 1 M KOH and 0.25 M
K2SO4 solutions as the electrolyte.
No light was used.



Solar light simulator applied as
light source. Potential range
between 0.6 to 2.0 V vs RHE.
Ag/AgCl electrode and a Pt mesh
were used as RE and CE
respectively. 1 M NaOH solution
was used as an electrolyte
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The system works for O2 evolution with
rate reached up to 9 µmol during 240/
min.
The photocatalyst activity of this catalyst
exhibits 3 times higher than commercial
ceria.
The graphene role in this system was to
increase the photocatalytic eﬃciency via
prolong the lifetime of photogenerated
electron-holes pairs.
The system worked for H2 evolution
reaction with H2 rate reached 1.06
mmol /h1 g1.
Apparent quantum efficiency reached
19.8 %.
The visible absorption increased
especially between 550-800 nm.
The photocurrent density reached up to
0.05 mA/cm2.
The catalyst was stable over 14 h.
The graphene has an efficient role in
transferring of the photogenerated charge
carriers
resulted
in
enhancing
photocatalytic activity for H2 production.
The system has worked for H2 production
with a rate of 12.05 μmol/ (h.cm2)and has
high stability.
The photocurrent reached around 0.3
mA/cm2.It was 7 times higher than pure
Zn0.5Cd0.5S.
The EIS spectroscopy showed smaller
resistant activity in comparison with the
catalyst.
The rGO accepts and transfers electrons.
Adding 5 wt% of rGO resulted in showed
highest photocatalyst activity with 7 times
higher than pristine Zn0.5Cd0.5S.
The maximum current density of this
catalyst reached 5.9 mA/ cm2 which it was
1.8 times higher that of the commercial
Pt/C catalyst.
TOF value increased to 0.017/ S at 0.44
vs. SCE.
The system works for water oxidation.
The graphene acted as charge transport as
well as enhanced stability and dispersion
of MnO2 nanostructures.
The photocurrent density increased to
1.17 mA/cm2 at a bias of 1.5 V vs RHE. It
was higher by 1.4 times than α-Fe2O3.
The EIS spectroscopy showed that the
catalyst has low resistance with 36 Ω due
to the high conductivity of the catalyst.
A high visible absorbance between 550750 nm.
The graphene accepts and transfers
electrons.
IPCE exhibits maximum value of 42% at
320 nm.

TiO2 nanotubes (NTs)
modified with electro
chemically reduced
graphene oxide (ErGO). 79

500 W xenon lamp was used as
light source. The catalyst was
applied as WE. 1 M KOH was
used as an electrolyte, N2 was
purged prior to experiment. The
photo electrode, a SCE and
twisted Pt wire acted as the WE
reference and CE electrode
respectively.










VS4/reduced graphene
oxide (VS4/rGO)
composites.80

TiO2–rGO thin film.81

The light source was 500 W Xe
lamp equipped with filter to
remove UV. The catalyst was
dispersed in water had 0.35 mol/ L
Na2S and 0.25 mol/L Na2SO3 as
electrolyte and then exposed to the
light.
150-W
halogen lamp was used
as the light source. Ag/AgCl
applied as the RE and a Pt wire
applied as CE. The catalyst film
was used as the WE. A solution of
Na2SO4 was acted as the
electrolyte.









La2Ti2O7/graphene
nanocomposite. 82

500 W Xe lamp was used as
source of light. The catalyst was
suspended in aqueous solution that
contains methanol. Then the cell
exposed to the light source.








NaTaO3 loaded with 0.2
wt% Au and rGO.83

150 W medium pressure mercury
lamp was used as light source. The
catalyst was suspended in a
solution of (H2O: MeOH) and Au
(from dissolved H [AuCl4]·4H2O)
then exposed to the light source.





GO wrapped Ag3PO4 submicro particles. 84

500 W Xenon lamp equipped with
a 420 nm cut-off filter was used as
light source. The catalyst were
dispersed in an aqueous solution
that has Methyl Orange (MO) dye
and exposed to the light.
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The maximum photocurrent density
reached 1.44 mA/ cm2 at 1.23 V vs. RHE.
It was higher than pure TiO2 NP by 1.4
times.
A wide visible absorption between 400800 nm.
The system works for both H2 and O2
evolution. O2 rate reached 70 µmol during
250 min and H2 rate reached 52.80
µmol/h.
The photocatalyst had higher stability.
rGO acted as electron charge transfer
agent.
The EIS spectroscopy revealed that the
ErGO–TiO2 NTs electrode has a smaller
semicircular diameter than other control
samples. Which means it was more
conductive and better catalytic activity.
The system works for H2 production with
rate reached about 0.7 mmol /L .
The rGO in this system suppressed the
recombination reaction and accelerated of
VS4 nucleation.
A wide absorbance from 400-660 nm.
The maximum photocurrent increased to
reach 80 µA while pure TiO2 reached
barely 13.1 mA/cm2.
The film has better stability after 1000
voltametric cycles in Na2SO4 electrolyte.
The rGO acted as electron transparency
material and minimized the charge
recombination process.
The catalyst that had 5 % wt. of rGO
exhibited the highest H2 activity than
other ratios.
The UV-visible absorbance increased in
range 300-800 nm.
The system has worked for H2 evolution
with the highest rate reached over 60
µmol/g1h1 (catalyst had 5% wt. of
graphene).
The Graphene transferred the photogenerated electrons and prolonged
lifetime of the charge carriers resulted in
enhancing photocatalytic effect of H2
production.
The EIS results showed that the catalyst
has smallest charge transfer resistance,
which meant it was more conductive
The system works for H2 evolution
reaction higher by 28 than others such as
pure NaTaO3 or NaTaO3
H2 evolution rate higher by 41 times than
that of the NaTaO3.
The rGO facilitated transfer of electrons
and also acted as co-catalyst for H2
evolution.
Increased light absorption till 520 nm.
The system has successfully worked for
MO degradation and suggested to be
useful for water splitting.
The Graphene acted as super electron
acceptor.

rGO/TiO2 nanowire
microsphere composites.
85

Fe2O3– graphene
nanoplates (GNP). 86

500 W Xe lamp was used as light
source. The photo catalyst
dispersed in aqueous methanol
had H2PtCl6.6H2O. Then the cell
purged with N2 and exposed to the
light source.



Solar light simulator was used as
light source. The catalyst used as
WE. SCE electrode was applied as
RE, Pt mesh was applied as CE. 1
M NaOH was used as an
electrolyte.











GO-(Ta2O5) hybrid. GO 87

NiTi-double layered
hydroxide (NiTi-DLH)
nanosheets to the surface
of (rGO) (NiTiDLH/rGO) catalysts.88
(DLH= double-layer hydroxide)

A xenon arc lamp (300 W) with
cut off-filter at λ> 400 nm. The
catalyst was dispersed in aqueous
solution that has AgNO3 as a
sacrificial agent and then it was
exposed to the light.
300 W Xenon lamp. Photocatalyst
film acted WE Pt wire and as
Ag/AgCl electrode were applied
as CE and RE respectively. A
solution of (0.01 mol/L LiClO4
was used as the electrolyte.









SiC-graphene
composite.89

ZnSe·xN2H4/GS and
(ZnSe/NGS) nano
composites.90
(GS = Grapghene sheet)

GQD/CdS/TiO2-NAs
(NAs = arrays).91

(GQDs) functionalized
ZnO (GQDs@ZnO NWs).
92

300 W Xe lamp (λ>420 nm filter)
was used as light source. The
catalyst dispersed in distilled
water and then exposed to the
light.
500W Xe arc lamp equipped with
a UV cutoff filter (λ＜400 nm)
was used as light source. The
catalyst was diapered in MB dye
solution and then exposed to the
light.









300 W Xenon lamp was used as
the light source. The catalyst
performed as WE, Pt foil was
applied as CE, Ag/AgCl electrode
was applied as RE. Mixture
solution of 0.1 M Na2S and 0.1 m
Na2SO3 acted as a sacrificial
reagents.
.




Solar light simulator was used as
light source. The PEC cells
performed with two electrodes.
The catalyst was applied as WE
and Pt plate as the CE. A solution
of 0.5 M Na2SO4.
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The system works for H2 evolution with
rate reached 43.8 μmol /h which is 1.6
higher than pristine TiO2.
The UV-visible light absorption had
increased till 460 nm.
The rGO in this system was accepting and
transferring electrons.
The photocurrent density increased up to
2.5 mA cm-2 at 0.75 V vs SCE.
The visible absorbance was increased in
range 500-750 nm.
The Graphene role was as an electron
transport pathway and reduced the
recombination reaction.
The solar to H2 conversion efficiency
reached 1.8 % at 0.75 V vs SCE.
The EIS showed that the catalyst has the
lowest charge resistance at 177.3 Ω cm2.

The system works for H2 evolution with
rate of 140 µmol/h.
The photocatalytic activity increased by
35 times than pristine Ta2O5.
The Graphene was accepting and
transferring electrons.
The system work for O2 evolution with a
rate of 1.968 mmol/ (g.h).
Adding rGO enhanced the visible
absorption.
Apparent quantum efficiencies reached
61.2 % at 500 nm.
The rGO served as an electron acceptor
with an accelerating carrier mobility.
Increased visible light absorbance.
The graphene was accepting and
transferring electrons.
The system has worked for H2 evolution
with H2 rate reached 87.52 µL/(g.h).
The system was stable till 12 h.
A high visible absorption especially at
range of 570-700 nm.
The system works for O2 evolution
reaction.
The graphene sheet (GS) acted as an
electrons acceptor and transfer material
The visible absorption was improved.
The system works for H2 evolution
reaction with rate of 18.3 µmol/ h. While
the control sample CdS/TiO2-NA
exhibited around 14 µmol/ h1.
Graphene played a role in charge
transferring and separation.
The light visible absorbance increased in
range 500-600 nm.
The system was working for both O2 and
H2 evolution.
IPCE of the photocatalyst without any
bias was 0.42% at 450 nm. Increased to
3.18% with an applied bias of 0.6 V,
The graphene here acted as a dye
sensitized solar cell.
The H2 evolution rate obtained 2.13 µmol
/ h.

CuO/TiO2-GR. 93

500 W Xe arc lamp was used as
light source. The catalyst was
dispersed in methanol and
exposed to light.





Titanate nanotube
/graphene (TNT)/GR)
photocatalyst.94

300 W Xe-lamp as the source of
light. The catalyst was dispersed
in water: methanol then it was
exposed to the light.





CuInZnS-decorated
graphene nanosheets.95

800 W Xe-Hg lamp as light
source. The catalyst dispersed in
0.2 M Na2SO3 and 0.1 M Na2S that
served as sacrificial reagents and
then it was exposed to the light.





α-Fe2O3 on the graphene
/FTO.96

Solar light simulator was used Pt
wire and Ag/AgCl as CEr and RE
respectively. A solution of 1 M
NaOH as the electrolyte








RuO2/TiSi2/graphene
composite.97

GO/SiC composite.98

α‑Fe2O3 Nanorods /GO
BiV1−x MoO4 Core/Shell
Heterojunction Array.99

Solar light simulator was used.
The catalyst dispersed in water.
Then system was de-aerated by
bubbling argon and exposed to the
light.
For
electrochemical
measurements an aqueous of
Na2SO4 solution (pH = 7) was
used as electrolyte and Pt and SCE
as CE and RE and the catalyst
loaded on ITO as the WE.
300 W Xe arc lamp with cut-off at
λ> 400 nm was used as the light
source The catalyst was dispersed
in aqueous solution that had 0.3
mol KI as a sacrificial reagent..



Solar light simulator. Pt foil acted
as CE, and Ag/AgCl electrode
as RE.0.01 M Na2SO4 purged
with N2 was used as electrolyte.














[Ru(bipy)3]2+ @GO.100

The catalyst was irradiated using a
λ=532 nm laser. The catalyst was
dispersed in water / methanol
solution then it was exposed to the
light source.
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The system works photocatalyst for H2
evolution with a H2 rate of 905.60 µmol/
(h.g). It was higher by 20.2 times higher
than pure TiO2.
A higher visible absorption obtained in
range in rang 400 -800 nm.
The Graphene accepted and transferred
electrons.
The system works for H2 generation with
rate reached 12.1 µmol/h. It was higher by
4 times than TNT alone.
The visible absorption increased in range
400-800 nm.
The rGO acted electron-transport material
due to its superior electrical conductivity,
which can transfer/accept electrons
efficiently.
The system works for H2 evolution with
rate of 3.8 mmol/ (h. g). It was 1.84 times
higher than pure CuInZnS
The Graphene acted as supporting layer
for CuInZnS nanospheres, reduced the
charge recombination, enhanced the
interfacial charge transfer and increased
photocatalytic reaction sites.
The absorbance increased in the range
400 -700 nm.
Maximum photocurrent density reached
to 4 mA/cm2.
The EIS study showed less charge
transfer resistance for the catalyst around
100 Ω.
The visible absorbance was up 600 nm.
IPCE was 12.5 % at 500 nm.
H2 and O2 gases were not analysed in this
study.
The Graphene in this provided a channel
for electron transferring and reducing the
recombination reactions.
The system has worked for H2 evolution
with H2 rate of over 65 µmol during 5 h.
The photocurrent increased to 0.4 µA/cm2
when
The Graphene accepted and transferred
electrons.
The EIS confirmed a low charge
resistance by the catalyst and better
photocatalytic activity than other control
films.
The system works for HER with H2
evolution rate reached up to 95µL/h with
1% Wt of GO. It was higher by 1.3 times
pristine SiC (NP).
The Graphene acted as electron collector
and transporter.
Photocurrent density of ∼1.97 mA/cm2 at
1 V vs Ag/AgCl
The photoconversion efficiency of
∼0.53% at - 0.04 V vs Ag/AgCl.
The visible absorption enhanced in range
400-600 nm.
The maximum photocurrent reached 0.3
mA/cm2
The system works for H2 evolution with
rate of 3290 μmol/ (h. g).
Graphene works as a photocatalyst.
The visible range absorbance increased
up to 700 nm.

rGO-Zn0.8Cd0.2S. 101

Solar light simulator. The
photocatalyst was dispersed in
aqueous solution that has 0.35 M
Na2S and 0.25 M Na2SO3 and it
was exposed to the light.






G/CdSe.102

rGO-CdS@TaON
composite.103

Solar light simulator was used.
The catalyst was suspended in
mixture solution of 0.1 M Na2S
and 0.1 M Na2SO4. The system
was purged with N2 then exposed
to the light source.



Visible light irradiation was used
as light source. The catalysts was
dispersed in 0.1 mol/L Na2S and
0.04 mol/L Na2SO3. Then system
was purged with Ar and exposed
to the light source.










rGO-CdS-Pt
nanocomposites.104

TiO2(P25)/GS composite
photocatalysts.105

rGO:MnFe2O4.106

400 W high-pressure Hg lamp was
used as the light source. The
catalyst was suspended in an
aqueous solution of ethanol. The
system was deaerated by N2 gas
purging prior to expose to the
light.



500 W Xe lamp was used as the
light source. The catalyst was
suspended in 0.1 M Na2S and 0.04
M Na2SO4. The system was
deaerated with N2 before exposed
to the light.



100 watt Hg lamp has cut UV cut
off filter was used as light source.
The nano composite was act as
WE while SCE and Pt plate were
used as RE and CE respectively.
0.2 M Na2SO3 and 0.1 M
Phosphate buffer solution (pH 6.9)
was used as an electrolyte.















Graphene-Mo2C rods.107

The catalyst was mixed with
isopropanol and Nafion. Then a
drop was placed on a GC as WE
while Ag/AgCl electrode and
graphite rod were applied as RE
and CE respectively. 0.5 M H2SO4
was used as an electrolyte.
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The system works for H2 evolution with
rate reached 1824 μmol/ (h.g).
Apparent quantum efficiency of 23.4% at
420 nm.
The photocurrent reached over 0.8
mA/cm2.
The rGO acted as excellent support
material for the catalyst Zn0.8Cd0.2S and
excellent
electron
collector
and
transporter.
The system works for H2 evolution with
rate reached 5.35 µmol/h.
The Graphene increased mobility of
electrons through the system.
The visible light absorbance increased in
range 550-750 nm.
The system works for H2 evolution with
rate reached 633 µmol/ h.
The rGO provide high charge carrier
mobility.
The apparent quantum efficiency reached
31% at 420 nm that equals to 141 times
higher than that of pristine TaON crystal.
The visible absorbance increased in the
range 550 -800 nm.
The system works for H2 evolution with
rate of 123 mol/ (h. g).
The catalyst was stable for 16 h.
The rGO accepted and transferred
electrons resulted in enhance of
photocatalytic effect.
The rGO stabled the catalyst against
photocorrosion and prolonged the
lifetime of electron – hole pairs.
The system works for H2 evolution with
rate of 5.4 µmol/ h. It was 1.6 times than
TiO2
Graphene enhances excellent electron
transfer and conductivity of system.
Adding GS resulted in better dispersion of
TiO2 catalyst which improve H2
performance activity.
The ratio 1:1 rGO: Mn has recorded the
highest photocurrent of 0.760 mA/cm2
with quantum efficiency reached 29 %.
O2 and H2 evolution rates were ordinary
stoichiometric evolved for 10 h. (H2
evolution rate was 0.168 mmol/h while
O2 evolution rate was 0.080 mml/h) )
The increase of rGO ratios resulted in
enhanced the absorption especially
between 400-800 nm.
The rGO suggested to work as electron
acceptors resulting an of increase charge
transfer.
The system was work for H2 evolution
reaction. The current density increased to
125 mA /cm2 at 400 mv vs RHE.
The system has long stability reached 15
hrs.
A low Tafel slope of 67 mV/dec was
observed. The rGO has a high catalytic
activity support hydrogen evolution
reaction.
Adding rGO increased the electrical
conductivity of the catalyst.

TiO2/rGO/Sb2S3
electrode. 108

Light source 300 Watt Xenon
lamp. The composite deposited on
FTO and performed as WE while
Ag/ AgCl electrode and Pt
performed as RE and CE
respectively. 0.5 M Na2SO4 at pH
7 acted as an electrolyte.






MoS2/sulfur and nitrogen
co-doped reduced
graphene oxide (SNG).109

3D porous rGO-TiO2.110

An amount of composite was
mixed with Nafion and waterethanol and drop catting onto a
GCE. 0.5 M H2SO4 performed as
electrolyte and Ag/AgCl electrode
and Pt foil were performed as RE
and CE respectively. No light
used.




Light source was 300WXe lamp.
The composite was spin coated on
ITO and perfumed as WE. 0.1 M
KH2PO4 adjusted to pH 7 was used
as an electrolyte. Ag/AgCl
electrode and Pt performed as RE
and CE respectively.










FeSe2/GO composite.111

The sample loaded on GCE and
used as WE. Ag/AgCl electrode
and Pt performed as RE and CE
respectively. 0.5 M of H2SO4
electrolyte was used as an
electrolyte. Light source was
300WXe lamp.







Au@rGO/rNGO-LaNiLDH composite.112

The nanocomposite catalyst was
applied as WE. Pt and Ag/AgCl
electrode were applied as RE and
CE respectively 0.5 M H2SO4 was
applied as an electrolyte. The
sample loaded on GCE and
Ag/AgCl electrode and Pt
performed as reference and
counter restively.







rGO loaded on LaFeO3
nano sphere.113

Light source was 125 W medium
pressure Hg visible lamp (λ ≥ 420
nm). Photocatalytic activity was
studied in a batch reactor include;
mixing the photo- catalyst with
ethanol for HER or AgNO3 for
OER solution for study H2 or O2
evolution.
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The Maximum photocurrent increased to
(0.96 mA/cm2) compared to 0.75 and 0.15
mA/cm2 for TiO2/Sb2S3 and TiO2
respectively.
Adding rGO layer has an important role
on the conductivity of the system and
provides two-dimensional bases for Sb2S3
network growth.
TiO2/rGO/Sb2S3 has wide visible
absorbance until 750 nm.
The system was work for HER only.
The current density increased to 33.5
mA/cm2 at 0.3 V. It was almost two times
than MoS2/rGO. A low Tofel slope
achieved of 45 mV/dec.
The catalyst was stabile even after 1000
cycles.
When S and N atoms incorporated into
graphene networks, the conductivity
dramatically increased.
The
composite
yielded
highest
photocurrent density of 2.59 mA/cm2 at a
low bias of 0.6 V vs Ag/AgCl.
The solar to hydrogen conversion
efficiency of 0.5%.
The role rGO was electron transport via
multi-channel conductive network.
Absorbing incident light via photocatalyst
had been increased.
The system was Electrocatalyst works for
HER by water splitting.
A high cathodic current density reached
up to 9.68 mA/cm2 at -250 mV.
A low Tafel slope of 64 mV/dec if
compared to pure FeSe2 and other
composite electrocatalysts.
The system is cheap alternative to the
noble material for clean energy.
The composite had high synergistic effect
towards HER activity due to the
electrochemical active sites and low
charge transfer resistance that provided
via the synergetic effect of rGO.
The system works for H2 evolution.
The exchange current density increased to
10 mA cm2 reported at onset potential of
– 0.80 mV vs RHE
The result confirmed the stability of the
electrocatalyst for HER after 1000 cycles
and 120 hrs working.
The rGO increased the accessible active
sites for H2 evolution activity.
A small Tafel slope of 60 mV/ dec was
achieved for generation reactions.
The hydrogen evolution rate has
increased by loading 1% Wt of rGO to
reached 611.3 mmol/(h.g) similarly
oxygen evolution rate increased up to
316.24 mmol/ (h.g).
The rGO had a super interfacial
interaction with the LaFeO3 nano sphere
enhanced the photogenerated charge
carrier and also as played a role as an
electron sink.
The visible absorbance increased in range
400-460 nm.
Loading 1 wt. % of rGO resulted in the
system exhibited highest stability of the
photocatalyst nanostructured.

rGO-MO, rGO-TiO2,
rGO-ZnO and rGOCeO2.114

300 Xenon lamp source. An
amount of the photocatalyst was
dispersed on methanol and the
suspension purged with N2 before
exposed to the light.







Au/rGO/hydrogenated
TiO2 nano tube arrays
Au/ rGO/H-TNTs).115

Xe lamp 300 watt equipped with
optical filter (λ≥ 400 nm) was used
as light source. Platinum foil and
Ag/AgCl electrode applied as CE
and RE respectively. External bias
of 1.23 V vs RHE was used. 1 M
KOH was used as an electrolyte.







GO/ZnO triangles.116

360-nm UV light illumination was
used as light source. 1 M NaOH
acted as an electrolyte. Ag/AgCl
and Pt mesh as RE and CE
respectively. The composite
loaded on Copper foil as WE.






P25–rGO–Co.117

NiS2/rGO. 118

rG/Cu2S/rGO/GO.119

250 Watt high pressure mercury
lamp as a source of light was used
as light source. Photocatalytic
experiments sampled in Sealed
quartz flask (150 mL) with a flat
window. For HER the catalyst
dispersed in ethanol-aqueous
solution while in O2 OER the
catalyst dispersed in a solution has
AgNO3 and La2O3



The catalyst dispersed in Nafion
and isopropanol solution and
loaded on GCE and then it was
applied as WE. 0.5 M H2SO4 was
used as electrolyte. Ag/AgCl and
graphite rod were used as RE and
CE respectively.



100 watt xenon lamp was used as
light source. Ag/AgCl and Pt foil
as RE and CE respectively. ITO
which contained the nanofilms as
WR. 0.1 M Na2S was used as an
electrolyte.
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The system was work for H2 evolution
reaction only.
The visible absorbance increased
especially in range 560 -610 nm.
The highest H2 production gained 1200
µmol/(h.g) from rGO-TiO2 photocatalyst
and the lowered H2 production gained 120
µmol/h1g1 via rGO-GeO2.
rGO played role as photocatalyst,
minimized the charge recombination and
increased lifetime of the photogenerated
charge carriers.
The system works for H2 and O2 with
stoichiometric evolution ratios of 2:
1.(H:O).
The photocurrent density reached 224
µA/cm2 higher than pristine H-TNTs.
The rGO played excellent electron
transport and reduced the recombination
reaction.
The light absorbance increased in range
450-700 nm.
The value of IPCE reached 5.8% at 580
nm.
The system was work for O2 evolution
reaction.
The photocurrent density increased to 1.5
mA/cm2 at 1.45 V vs RHE.
IPCE reached 10.4% at 360 nm, which it
was 3.3 times higher than pristine ZnO.
The GO surface played crucial role in
formation of oxygen vacancies in the ZnO
nanocomposites which resulted in
enhance OER activity.
Both evolutions rates of H2 and O2 were
increased up to 190 and 80.8 µmol/h
respectively.
The visible absorbance enhanced in range
400- 800 nm.
Graphene acted as catalytic reaction and
enhance photogenerated charge carrier
separation.

The system has worked for H2 evolution
reaction.
The current density increased to 10 mA
cm−2 at −200 mV vs RHE.
A slow Tafel slope of 52 mV/dec was
obtained.
The rGO acts as excellent medium for
transporting electrons.
The film was resisting the photocorrosion
for more than 20 LSV cycles.
Maximum photocurrent of 1.8 mA/cm2
was achieved at 0.16 V
The rGO accepted and transferred
electrons.

The catalyst was loaded on Glassy
carbon disk and performed as WE
while Ag/AgCl electrode and a Pt
mesh applied as RE and CE
respectively. 0.4 M H2SO4
performed as an electrolyte.

MoSSe@rGO
heterostructures.120






Solar light simulator was used as
light. The catalyst was applied as
WE. While SCE and Pt foil were
applied as RE and CE
respectively. 1 M NaOH at pH
12.8 was applied as electrolyte.

Fe2O3/ITO nanowire
arrays wrapped with
rGO.121







rGO-TiO2 composite

122

Co/Co9S8@S,N-doped
porous graphene
sheets..123

300 W Xe arc lamp as a source of
light. The catalyst was part of Zscheme
for
O2-evolving
combined with hexagonal - and
trigonal-CuLi1/3Ti2/3O2 loaded Pt



The catalyst was treated with
alumina and then dispersed with
Nafion and ethanol then it was
loaded on GC and performed as
WE. Ag/AgCl electrode and Pt
performed as RE and CE
respectively. 0.1 M KOH
saturated with N2 gas was applied
as an electrolyte.












MoS2/rGO/PPD/O-MWCNT.124

The catalyst dispersed with nation
and ethanol then loaded on GCE.
Then it was applied as WE. SCE
and Pt slice were performed as RE
and CE respectively. 0.5 M H2SO4
as an electrolyte.






Si/CNT/GO. 125

The photocatalyst was applied as
WE. Pt wire and Ag/AgCl
electrode (saturated) were applied
as CE, and RE, respectively. 1 M
KOH as an electrolyte.
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Maximum current density reached
5mA/cm2 at only 135 mV.
A low Tafel slope was obtained of 51 mV
/ dec.
The rGO act as excellent electrically
conductive performer.
The catalyst was durable for more than
5000 LSV cycles.
Maximum photocurrent density reached
to 5.38 mA/cm2 at 0.6 V vs SCE. It was
higher ITO@Fe2O3 and Fe2O3 by 3.5 and
10 times respectively.
The visible light absorbance enhanced in
range 400-60 nm.
The IPCE reached around 6 % at 500 nm
in a 0.4 V vs SCE while photon-to-current
efficiency (ABPE) reached 1.13% at
0.89V vs RHE.
The rGO worked as electrocatalyst and
excellent electron transport ability.
The O2 and H2 gas evolution were
stoichiometric ratios reached around 4.5
µmol/h and 0.75 µmol/h respectively.
The rGO played as an electron mediator
The system was works for O2 and H2
evolution.
The O2 evolution rate reached 22.5
μmol/h while H2 evolution rate reached
292.2 μmol/ h at 1.58 V vs RHE.
In OER study, the maximum current
density reached 10 mA/cm2 at 290 mV
and in HER study the reached 20
mA/cm2 at 350 V vs RHE
The composite exhibits highest surface
area of 249.6 m2/g after treatment with
graphene oxide.
The GO was rich with O-atom functional
groups used as substrate to adequately
adsorb Co+2.
The synergetic effects of S and N atoms
in graphene sheet enhanced its properties
as dual organic ligands assembled Co+2
The current density increased to 47.6
mA/cm−2 at 200 mV.
The catalyst showed excellent stability
during 1000 cycles in CV.
A low Tafel slope of 48 mV/dec was
achieved.
The role of rGO participated with OMWCNT to increase electron transport
and conductivity.
The system has worked for O2 evolution.
The Photocurrent density raised to 1.2
mA/cm2 at 1.73 V versus
The GO played both protected CNT film
in the catalyst and acted as a hole
exchange layer with the electrolyte.
The CV study showed that adding GO and
CNT enhanced the performance of the
photocatalyst by double.
In CV, the system was work also for OER
in H2SO4 solution and the photocurrent
reached 2 mA/cm2 at 1.8 V vs RHE.

TiO2-GO
heterostructures.126

300 W xenon was used as light
source. The catalyst dispersed in
methanol
solution
then
chloroplatinic acid hexa hydrate
and aqueous solution contained Pt
were added to final solution. Then
the cell exposed to the light
source.






TiO2/rGO composite
films.127

Soft-oxometalate
(SOM)[Na17 [Mn6
P3W24O94
(H2O)2].43H2O@GO.128

CoQD/rGO
nanocomposite.129
(QD = Quantum Dots)

CoP/rGO.130

An Oriel Xe (Hg) 250 W lamp was
used as light source. The catalyst
loaded on FTO and performed as
WE while Ag/AgCl electrode and
Pt wire as RE and CE respectively.
0.5 M H2SO4 was acted as an
electrolyte.



UV lamp (λ max = 373 nm) was
used as light source. The
composite
as prepared in
dispersion put in closed system
with N2 purging and then exposed
to light to detect O2 gas via optical
sensor.
The composite dispersed with
Nafion and loaded on GC then it
was used as WE. While Ag/AgCl
electrode and Pt performed were
applied as RE and CE
respectively. 0.1 M KOH was
acted as an electrolyte




Ag/AgCl electrode and Pt were
RE and CE respectively. The
catalyst loaded on rotating disk
electrode (RDE). For HER study,
the electrolyte a solution 0.5 M
H2SO4 was performed while for
OER study a solution of 1 M KOH
was performed.


















Two-dimensional TaC
nano sheets on a rGO
hybrid.131

The catalyst was dispersed in
mixture of ethanol and Nafion.
Then it loaded on GCE and it was
applied as WE. 0.5 M H2SO4 was
applied as the electrolyte. Piece of
graphite and RHE applied as the
CE and RE respectively.
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The system works for HER with H2
evolution rate H2 reached rate up to 16
mmol/(h.g).
The quantum efficiency reached 1.84 %
at 405 nm.
The
GO/rGO
enhances
charge
transportation
and
depresses
recombination of electron−hole pairs.
The visible absorbance increased in range
500-800 nm.
Photocurrent density increased to 0.20
mA cm-2 at 1.23V vs RHE. It was higher
if compared with pristine TiO2 (0.11
mA/cm2).
The rGO accepted and transferred
electrons with more efficiency. As well as
increased photogenerated charge lifetime.
The system works for OER.
Apparent quantum yield was 16.6 % at
420nm.
The O2 evolution rate yield was 19.2 µmol
at pH 8 in phosphate buffer.
The GO sheet acted as electron acceptors.
The system works for OER only.
The maximum electrocatalyst current
reached up to 32.13 mA/cm2 at 1.86 V and
10 mA/cm2 at 0.37 vs RHE.
The Tofel slope exhibited a slow value of
37 mV/ dec.
The rGO increased the conductivity of the
catalyst which resulted in enhance OER
performance.
The system was for either HER or OER
depending operating conditions.
The Electrocurrent density of HER
reached 10 mA/cm2 at 105 mV vs RHE
and for OER study the current also gained
10 mA/cm2 in -150 mV.
The current density for HER and OER
were stable for 20 h.
In HER study, the catalyst had a low
Tafel slope of 38 mV/ dec. While in OER
study it reached 66 mV/ dec.
Both OER and HER systems were durable
for 3000 cycles via CV.
The rGO a suggested to be a conductor.
The system was working for HER only.
A small Tafel slope of 58 mV/ dec was
achieved.
The electrocurrent density was stable over
50 h of working and achieved around -4
and -10.7 mA/cm2 at 150 and 200 mV vs
RHE respectively.
Through CV, study there no obvious
degradation after 1000 cycles.
The rGO facilitated electron transfer and
ensure high durability of the catalyst
system.

CdS/rGO-MoS2@CoP
photocatalyst.132

SiNWs/rGO.133

NiMn-rGO.134

rGO/CuI/PANI) hetero
structures nano
composites.135

Solar light simulator was used as
light source. The photocatalyst
put in in water with lactic acid as
sacrificial agent. The system
bubbled with Ar. While the
photoelectrochemical
measurement, Ag/AgCl electrode
and Pt wire were used as CE and
RE. The photocatalyst on ITO and
it was applied as WE. An aqueous
solution of Na2SO4 was used as an
electrolyte.
A 300 W Xenon arc lamp was
used as light source. Ag/AgCl
electrode and Pt wire were applied
as RE and CE respectively. A
mixture solution of 0.1 M H2SO4
and 0.5 M K2SO4 acted as an
electrolyte. The catalyst loaded on
Si and the applied as WE.












The catalyst dispersed in propanol
and Nafion then loaded on GCE.
Then it was applied as WE. A 1.0
M KOH was applied as an
electrolyte. Pt wire and Ag/AgCl
electrode acted as CE and
reference respectively.




Xe light with nominal cut-off λ<
420 nm was used as light source.
The catalyst dispersed in methanol
in sealed system and purged with
N2 before exposed to the light.










Bi2WO6/RGO composite
nano fibers.136 Polyvinyl
pyrrolidone (PVP)

300 watt (Xenon lamp) was used
as light source as light source. The
photocatalyst dispersed in methyl
alcohol. Then the suspension
degassed via evacuation.






MoS2 nanotubes/rGO
nano composite.137

CoP2 nanoparticles on
rGO sheets.138

The catalyst dispersed on
isopropanol and Nafion then
loaded on GCE. Then it was
performed as WE. Ag/AgCl
electrode and Pt wire acted as RE
and CE respectively. 0.5 M H2SO4
was applied as an electrolyte.




The catalyst was dispersed in
Nafion and ethanol then loaded on
GCE and performed as working
electrode. Pt foil and SCE acted as
CE and RE respectively. A
solution of 1 M KOH was applied
as an electrolyte
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The system worked for HER with H2
evolution rate of 83907 μmol/ h1 g1 far
exceeding other control samples.
The apparent quantum efficiency of
22.5%.
The rGO played as good electron accepter
and transporter.
the visible light absorption increased in
range 500-625 nm.
The photocurrent density increased to
reach 0.8 µA/cm2.
The system was performed for HER.
The maximum photocurrent density
reached -5.22 mA cm−2 at −0.5 V vs RHE.
It was higher than SiNWs by 29 times.
The photocurrent density also showed 0.6
mA/cm2 at 0 V (without bias) vs RHE.
The rGO increased the conductivity of
and improved separation of the
photogenerated charge carriers.
The system was work for OER
A low Tafel slope reached 46 mV/ dec if
compared with other control samples.
The maximum photocurrent density of 10
mA/ cm2 at 1.59 V vs. RHE.
The rGO shortened diffusion path and
accelerating the transfer of electrons.
The system works for HER.
The absorbance increased in range 300500.
H2 evolution rate reached 295 µmol/
(h.g).
The rGO acts as electron transfer channel
and supressed the recombination reaction
of photogenerated charge carriers.
The system works for HER with H2evolution rate up to 935µmol/ h. It was
higher pure Bi2WO6 nanofibers by 5.8
times
The composite has high absorbance until
400 nm and be slightly high in visible
region.
The rGO exhibits an
excellent
conductivity transfers electrons rabidly
and hindered the recombination of
electrons and hole
The system works for HER
The current density increased to 38.91
mA/ cm-2 at an overpotential of 300 mA
vs RHE.
A low Tafel slope reached of 69 mV/ dec
was achieved.
The rGO
increased conductivity
enhancing electron transport.
the system was cheap earth abundant and
alternative to nobles metal for OER
The maximum current density reached 10
mA/cm2 at 1.56 V vs RHE.
The catalyst was durable over 1000 CV
cycles.
The rGO an excellent conductivity and
supporting charge transfer.
The amount of O2 and H2 that collected
after 8000 second was 0.015 and 0.03 mM
respectively.

NGODs. 139
(NGODs = nitrogen-doped
graphene oxide dots).

300 W xenon lamp. The
photocatalyst dispersed in aqueous
solution of triethanolamine before
it was exposed to the light.





Ni2− x Co x P /rGO
hybrids.140

α-Fe2O3/rGO. 141

RhCrOx/LaMg1/3Ta2/3O2N
)/( rGO)/BiVO4:Mo
sheet.142

Two of NiCoP/rGO electrodes
were applied as cathode and anode
for HER and OER respectively. 1
M KOH electrolyte was applied as
an electrolyte.




50 W Xe lamp was applied as light
source. Pt wire and a mercurous
sulfate were applied as CE and RE
respectively. A solution of 0.1 M
Na2SO4. The photocatalyst loaded
on ITO then dispersed with Nafion
and alcohol and it was applied as
WE.
The catalyst acted as Z-scheme
system put in distilled water and
evacuated then irradiated by 300
W xenon lamp ( λ ≥ 300 nm as
light source












MoS2/N-RGO.143

The electrocatalyst was dispersed
in Nafion then loaded in GCE.
Then it was applied as WE. While
SCE electrode and a Pt wire were
applied as RE and RE
respectively. 0.5 M H2SO4
performed as an electrolyte.







(MPSA/GO) selfassembled
melamine,phytic acid,
and graphene oxide.144

The catalyst dispersed with Nafion
and distilled water. Then it was
performed as WE. Ag/AgCl
electrode and Pt/C (20 wt%) were
performed as RE and CE
respectively. A solution of either
0.5 M H2SO4 or 0.1 M KOH was
used as an electrolyte for HER and
ORR respectively.








GO-PANi 31-FP. (FP =
phosphorous, and
fluorine while 31 refers
to initial mass ratio of
GO-PANi ).145

The catalyst dispersed with Nafion
and distilled water and then it
performed as WE. Ag/AgCl
electrode Pt/C (20 wt%) electrode
RE and CE respectively. 0.1 M
KOH were used as an electrolyte.
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The system works for HER with evolution
rate increased up to 150 µmol after 12 h.
The visible absorption in range 400-800
nm.
N –conjugated with GO increases the
lifetime of photogenerated electro
enhancing HER perform
The system was works for O2 and H2
The current density increased to 10 mA/
cm2 at 1.59 V over 75 h without an
obvious degradation.
Interfacing rGO with the catalyst
effectively providing more active sites,
accelerating the charge transfer.
The system works for OER.
The maximum photocurrent density
increased up to 1.63 mA /cm2 at 1.8 V
versus RHE. It was 4.39 times higher than
pure α-Fe2O 3 electrode.
The rGO act as charge collectors increase
lifetime of photogenerated holes.
The rGO combined RhCrOx/LaMg1/3
Ta2/3O2N and BiVO4:Mo particles
The rGO acts as solid mediator enhancing
charge transfer.
The H2 and O2 evolution rates were
stoichiometric ratios.
Incorporated rGO in Z-sheme raise the
activity for water splitting by 3.5 times.
The electrocatalyst works for HER
The catalyst showed small Tofel slope of
41.3 mV/dec.
The current density increased to reach 7.4
× 10−4 A/cm2 at -5 mV vs RHE. Tt was
stable over 5000 cycles
Simple method for HER with a low cost
compared with noble metal
The rGO increased the conductivity and
provide high active surface area for HER.
The system is cheap and metal free
electrocatalyst for both HER and ORR
respectively.
A Low Tofel slope of 89 mV/dec was
achieved
The current density increased to 30
mA/cm2 at -0.21 V. It was better than
MPSA alone.
The electrocatalyst was similar to Pt/C
electrode in case of HER.
it was better ORR performance with high
selectivity.
Doping N and P with GO structure
enhanced electron transport and increased
HER and ORR activities.
The electrocatalyst works for both HER
and OER with H2 and O2 evolution rates
of 8.26 x 10-6 mL/ and 4.23 mL/h,
respectively.
The maximum current density increased
to 13 mA/cm2 at 1.8 V vs RHE.
A low Tafel slope of 136 mV/dec was
obtained. It was lower than other control
samples. Doping GO enhanced electron
transfer
resulted
in
enhancing
electrocatalytic activity.

NiO-NiFe2O4/rGO.146

The catalyst dispersed in Nafion
solution then loaded on GCE.
Then it was acted as WE. Pt foil
and Hg/HgO were performed as
CE and RE respectively. 0.1 M
KOH was applied as an
electrolyte.







Co3O4/N-rGO
Composites. 147

The electrocatalyst was loaded on
GCE electrode. Pt wire and SCE
used as CE and RE respectively.
For ORR study, the electrolyte
was 0.1 M KOH and for OER the
electrolyte was 1 M KOH.






ERGO/UM/CdS).148
ERGO is Ultra-thin MoS2
(UM) layers on exfoliated
reduced graphene oxide
(ERGO).

rGQDs/Fe2O3 electrode.149

GO-modified Cu2O nano
sphere.150

WO3-assisted multijunction cell. 151

Solar light simulator was applied
as light source. For H2 evolution,
the catalyst dispersed in lactic acid
solution in sealed system and then
irradiated with light. While the
Photoelectro
chemical
measurement, the photocatalyst
was loaded in ITO and applied as
WE. Pt wire and Ag/AgCl
electrode was applied as CE and
RE respectively. Na2SO4 solution
was applied as electrolyte.



Solar light simulator was applied
as light source. The
Photocatalyst was loaded on FTO
then and applied as WE. While
Ag/AgCl and Pt plate as RE and
CE respectively. The electrolyte
was a solution of 1 M NaOH.




Visible light with irradiation (λ >
400 nm) used as a light source.
The catalyst was dispersed in
methanol solution in sealed
system with window to expose to
the light source.



Solat light simulator was used as
light source. The photocatalyst
was loaded on carbon electrode
and applied as WE. While Pt wire
and Ag/AgCl electrode were used
as CE and RE respectively. A
solution of KOH was used as an
electrolyte.
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The electrocatalyst system works for
OER.
The catalyst showed low overpotential of
296 mV at J= 10 mAcm-2
A small Tafel slope was achieved (43
mV/dec) if compared with other control
samples such NiO-NiFe2O4 or NiFeLDH.
The rGO act as electron transport channel
enhancing
the
electrocatalyst
performance.
The electrocatalyst applied for ORR and
OER.
In OER study, the LSV obtained 45
mA/cm2 at 1.65 V vs RHE.
In OER study, the electrocatalyst exhibits
low over-potential of 330 mV at 10
mA/cm2 with low Tofel Slope of 68 mV
/dec.
The rGO exhibits super conductivity for
electron transfer.
Photocatayst for HER with evolution rate
reached up to ∼234 mmol/ (h .g).
The visible absorbance has been
improved in range 500-650 nm.
The ErGO high participated in electron
mobility.
The ERGO accepted and transferred the
photogenerated electrons.

The system worked for O2 generation.
The photocurrent density increased to
reach 2.5 mA/cm2 at 1.6 V vs RHE. It was
raised by 8 times than pristine Fe2O3.
The rGO had an effective role in charge
transfer.
The visible light absorbance enhanced in
range 450-600 nm.
The photocatalyst for HER with evolution
gas of 118.3 mmol collected after 7000
min which was more than 2.6 time than
pristine Cu2O.
The XRD approved that GO partially
reduced. GO played a role in the transfer
of the electrons under irradiation.
The system worked for O2
The visible absorbance increased in range
400-700 nm.
The photocurrent exceeded 900 µA/cm2.
The presence of rGO enhances the PEC
activity for OER and increases the
stability of the photocatalyst.
The rGO layer protected the photocatalyst
against water penetration and photocorrosion during the oxidation of water.
The rGO provide the catalyst with good
transport properties via its holes that
increase the OER activity.

3D Ag3PO4/GAs. Ag3PO4.
152

Ta2O5/graphene
composite.153

rGO/Pt-TiO2 nano
composite. 154

rGO/ZnO nanowire
arrays. 155

300 W Xe lamp was used as light
source. The catalyst was dispersed
in aqueous solution of AgNO3. .
For PEC measurement, the photo
catalyst dispersed with Nafion
and loaded on GCE and was
applied as WE while Pt wire and
Ag/AgCl electrode used as CE
and RE respectively. 0.02 M
Na3PO4 was used as an electrolyte.



Xe lamp, cut off filter (200-400
nm) was used as light source. The
catalyst was dispersed with
methanol before exposed to the
light source.



300 W Xe lamp was used as light
source. For H2 evolution test, the
catalyst dispersed in an aqueous
solution of Triethanolamine. Then
it exposed to light source. For PEC
measurements, 0.5 M Na2SO4 was
performed as electrolyte. While
Ag/AgCl electrode and a Pt foil
was applied acted as RE and CE
respectively.
The
catalyst
sonicated with ethanol and Nafion
then deposited on ITO glass and
used as WE.



Solar light simulator was used as
light source. Ag/AgCl electrode
and a Pt were applied as RE
reference and CE respectively. 0.5
M Na2SO4 was applied as an
electrolyte. The catalyst was used
as WE.




















rGO/ZnO film.156

Solar light simulator was used as
light source. Pt and Ag/AgCl
electrode were performed as CE
and RE respectively. The catalyst
films was acted as WE. 0.1 KOH
used as electrolyte.







TiO2@rGO@Au hybrid.
157

Solar light simulator was used as
light source. . Pt and Ag/AgCl
electrode were performed as CE
and RE respectively. 0.5 M
Na2SO4 were used as an
electrolyte. The hybrid was loaded
FTO and performed as working
electrode.
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The photocatalyst works for OER with
evolution rate 250 µmol /h
The photocatalyst increased to 2.5
µA/cm2 showing enhancement of 40 %
than pristine Ag3PO4.
rGO provides electrical conductive
channels for anchored Ag3PO4NPs,
increased the life time of the hole
resulting in enhance photocatalyst
activity.
The system works for H2 evolution with a
rate up to 30mmol/(g.h)
The apparent quantum efﬁciency reached
33.8% at 254 nm.
The photocatalyst was durable over 5 h.
The graphene acted as interfacial charge
transfer material and suppressed the
recombination reactions.
The system works for H2 evolution with a
rate up to (1075.68 µmol/ (h. g).
Doping 2 % of rGO resulted in the H2
evolution rate increased by 81 and 5 times
than bare TiO2 and Pt/TiO2 samples.
The current density increased to 1 µA/cm2
at 1.2 V vs RHE.
The rGO acted as “superhighway” for
electrons transport.

The catalyst works for OER
In LSV, a photocatalyst showed higher
photocurrent density reached 2.5 mA/cm2
at 1 V vs Ag/AgCl.
In amperometric study the current
density was steadily decreases from 1.7 to
1.5 mA//cm2 after 1200 Sec. at bias of
0.25 V vs Ag/AgCl.
the UV absorbance in range 300-400 nm
rGO acted as electron trap minimizing e-h+
recombination
reactions
and
enhancing overall PEC.
The system works for OER.
The photocurrent density increased up to
1.8 mA/cm2 at 0.7V vs Ag/AgCl.
In amperometric study, the photocurrent
density reached 0.45 mA/cm2 without
external bias.
The visible absorbance enhanced in range
450-650 nm.
The rGO was an effective charge carriers
by formation of heterostructures with
ZnO catalyst.
The system worked for HER and OER.
The evolution rates of H2 and O2 were
17.8 and 8.7 μmol /cm2) at 1.23 V vs RHE
respectively, so the gasses evolution ratio
was has stoichiometric.
The rGO was an effective super charge
transfer.
The IPCE was higher than pristine TiO2
by 2.5 times.
The visible absorbance enhanced in range
450-600 nm.

Bi2MoO6/rGO composite
nanofibers. 158

The photo catalyst dispersed in
methyl alcohol and water and
exposed to 300 W xenon lamp as a
source of light.




rGO/Cu2O/Cu .159

500
W
halogen
tungsten
lampwasa used as light source .Pt
and Ag/AgCl were performed as
CE and RE respectively. A
solution of Na2SO4 at pH 6.5 was
acted as an electrolyte.






Co nanoflake modified
with carbon based nano
composites.160

The catalyst was applied as WE. Pt
and Ag/AgCl were performed as
CE and RE respectively. 1 M
KOH applied as an electrolyte.





CoO@Co/N-rGO
hybrid.161

The catalyst was dispersed in
Nafion, loaded in GCE, and used
as WE. Pt and Ag/AgCl were
performed as CE and RE
respectively. For ORR study, O2
saturated 0.1 M KOH solution
acted as electrolyte. For HER
activity, N2-saturated 0.5 M
H2SO4 or N2-saturated 0.1 M KOH
was applied as an electrolyte. For
O2-saturated 0.1 M KOH was an
electrolyte.










Co/Co3O4-Gr.162

Free standing Co/Co3O4-Gr was
acted as WE while Pt and
Ag/AgCl
electrode
were
performed as CE and RE
respectively. 0.1 KOH performed
as an electrolyte.
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The system works for H2 evolution
reaction with H2 rate reached 794.72
µmol/h .It was 2.86 times than pristine
Bi2MoO6 nanofibers.
The absorbance increased especially in
range 300 -450 nm.
The system has worked for HER.
The visible absorbance increased
especially in range 500-600 nm.
The photocurrent reached -2.54 mA/cm2
at 0 bias and was higher than Cu2O/Cu by
3 times.
The rGO accepted and transferred of
photogenerated electrons and will as
played as protective layer.
The electrocatalyst was for water
oxidation.
In LSV study, the lowest overpotential
required for water electrolysis was at
244.4 mV.
The rGO acted as conductive backbone
for electron transfer as well as provided
significant effective surface for catalytic
sites
The system works for HER, OER and
ORR.
In HER study, low overpotential of140
mV for 10 mA/ cm2 in 0.5 M H2SO4 and
237 mV in 0.1 M KOH
In OER study, a current density of 10
mA/ cm2 with a small overpotential of
1.67 V in 0.1 M KOH
In HER study, the catalyst was durable
even after 1000 of CV Cycles. While in
OER study, the catalyst was stable till
5000 cycles.
In ORR study, the catalyst a very smaller
onset potential of 0.95 obtained and
smaller Tafel slope of 46 mV/dec was
gained.
Doping N atom in rGO can generating
synergetic effects for better coupling
CoO@Co which resulted in enhanced the
catalyst performed.
The system worked for H2 and O2
evolution in alkaline media at a low onset
potential.
In OER study, the system exhibited low
onset potential of 1.38 V and at the
potential of 1.66 V the current density
reached 10 mA/ cm2. These potentials
values were comparable to Ru.
In HER, study the system exhibited
current density of -22.5 at -0.8 vs RHE.
The rGO acted as enhanced the electrons
transfer and sustained the stability of the

Co9S8/N, S-G Electro
catalyst. 163

Pt plate and (SCE) were employed
as CE and RE respectively. The
catalyst was dispersed in ethanol
had 20 % Pt/C and 5% Nafion
solution then loaded in GCE and
acted as WE. For ORR O2saturated 0.1 M KOH medium was
performed as an electrolyte. For
OER O2-saturated 1.0 M KOH
medium was acted as an
electrolyte.









Fe2O3 modified with a
graphene–carbon
nanotube (CNT)
composite.164

300 W xenon lamp was used as
light source. A Pt mesh and
Ag/AgCl electrode were applied
as CE and RE respectively. 1 M
NaOH was used as an electrolyte.
The catalyst was deposited onto a
FTO and used as WE.







TiO2/MoS2/graphene
composite.165

350 W Xe arc lamp was used as
light source. The catalyst
suspended in suspended in
aqueous solution of ethanol with
ratio 4:1 (H2O: ethanol V/V)
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The system works for OER and ORR.
The system was superior OER catalytic
performance achieved a low overpotential
of 411 mV at a current density of 10
mA/cm2.
In OER study a low Tafel slope of 60
mV/dec was obtained.
Better ORR catalyst with low onset
potential of 0.931V and half-wave
potential of 0.811V vs RHE and the
current density reached 5.207 mA/cm2 at
a potential of 0.212 V vs RHE with long
stability for 10000 Sec.
Doping rGO with N, S an atoms, the
resulting catalyst had high conductivity,
large surface area and faster electrons and
mass transfer ability.
The system has worked for water
oxidation.
The photocurrent increase of 530%
compared with to pristine Fe2O3
photoanode at 1.23 V vs RHE.
The visible absorption increased up to 550
nm.
The Graphene and CNT acted as excellent
conducting materials.
The Intrinsic conducting abilities of
graphene and CNT as approved via EIS
study.
The system works for H2 evolution with
rate reached 165.3 μmol/ h.
The quantum efficiency reached 9.7% at
365 nm.
The graphene acted as electron transfer
and co-catalysts for H2 reduction.
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